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ABSTRACT 
The r o l e of endogenous g i b b e r e l l i n s (GAs) and absc is ic ac id (ABA) i n seed 
development and germination of tomato, was studied with the use of GA- and/or 
ABA-deficient mutants. 
GAs are indispensable for the development of f e r t i l e f lowers. F e r t i l i t y of 
GA-deficient f lowers i s restored by appl icat ion of exogenous GAs. Fru i ts and 
seeds develop without GA, wi th a possible exception for the i n i t i a l stage of 
seed growth. However, seed-produced GA delays maturat ion of the seeds and 
ripening of the f r u i t by one week and increases f i n a l seed and f r u i t weights. 
ABA levels in developing ABA-deficient mutant seeds are s t rong ly reduced 
compared to wi ld- type seeds. Despite the strong reduction of endogenous ABA 
l e v e l s ne i the r dry matter accumulat ion nor storage p ro te in synthes is are 
af fected. 
In wi ld- type seeds embryo-produced ABA is responsible for the development 
of dormancy during seed development. ABA-deficient seeds germinate viviparous-
ly in over-r ipe f r u i t s . Germination of wi ld-type seeds i s also inh ib i ted af ter 
harvest . Dormancy i s re l i eved dur ing a shor t per iod of dry storage. Stored 
w i l d - t y p e seeds are much more s e n s i t i v e to osmotic i n h i b i t i o n of r a d i c l e 
growth and germinat ion than ABA-def ic ient seeds. Both types of seeds are 
equally sensit ive to i nh ib i t i on by exogenous ABA. 
GA i s indispensable for tomato seed germination. GA produced by the embryo 
and excreted to the endosperm, induces hydrolysis of the galactomannan-rich 
endosperm c e l l w a l l s . The hyd ro l ys i s causes weakening of the mechanical 
r e s t r a i n t of the endosperm layers tha t oppose the r a d i c l e t i p , thereby per-
mi t t ing the radic le to protrude. The separation of ABA- and GA-action in time 
and i n s i t e i s a st rong argument against the existence of a hormone balance 
for the regulation of seed dormancy. 
IX 
Abbreviations: 
ABA abscisic acid 
dap days after pollination 
GA gibberellin 
GAs gibberellins 
GAA -J mixture of the gibberellins GA* and GA-, 
PAGE polyacrylamide gel electrophoresis 
SD standard deviation 
SDS sodium dodecyl sulphate 
Chapter 1 
General introduction 
Seeds 
Seeds have an essential function in the reproduction of higher plants and 
often facilitates dispersal of the species. They are also a main food source 
and are therefore indispensable for the survival of mankind. Seeds are the 
origin and produce of many agricultural crops and supply raw material for 
several technologies. Therefore, considerable efforts have been made to im-
prove seed quality by breeding programs. Studies of seed development and 
germination may also contribute to the improvement of seed quality. In parti-
cular plant hormones are suggested to play an important role in the regulation 
of seed quality. A regulatory role in food storage and mobilization and in 
dormancy and germination has often been suggested (See Khan 1982, King 1982, 
Van Staden et al. 1982, Pharis and King 1985, for recent reviews). 
The role of hormones in seed development 
Cytokinins, auxins, gibberellins (GAs) and abscisic acid (ABA) have been chem-
ically identified in extracts of immature seeds of a variety of species. In 
developing seeds they reach the highest levels known in plant organs. Never-
theless, definite proof for a regulatory role of endogenous hormones during 
seed development is still scanty (Karssen 1982a). 
In the majority of studies on hormonal control of seed development con-
clusions are based on the simultaneous occurrence of peak values in hormone 
content and certain morphological and biochemical changes. It is obvious that 
such correlations do not prove that hormones are causally involved in specific 
aspects of seed growth and development. Therefore, attempts have been made to 
test the causality of correlative evidence by environmental, chemical, or 
genetic manipulation of endogenous hormone levels. 
Environmental manipulation. In other plant organs endogenous hormone levels 
are often sensitive to subtle changes in the physical environment. Such in-
duced changes are hardly known from studies of seed development, however. The 
levels of cytokinins and ABA in developing seeds can be manipulated by in-
fluencing their synthesis in roots and leaves, respectively. For instance, 
exposure of roots to water-logging conditions increased the cytokinin content 
of barley grains (Michael and Seiler-Kelbitsch 1972), while application of 
water stress to leaves increased the transport of ABA to seeds (Goldbach and 
Goldbach 1977, Dewdney and McWha 1979). In developing seeds of tomato cytoki-
nin levels also increased when partial removal of leaves augmented the compe-
titive force of the seeds (Varga and Bruinsma 1974, Monselise et al. 1978). 
Chemical manipulation. The synthesis of GAs in developing seeds has been 
successfully inhibited by such growth retardants as ACPC and chlormequat 
(Baldev et al. 1965, Zeevaart 1966). 
Genetic manipulation. The use of isogenic lines differing in endogenous hor-
mone content, or hormone sensitivity, offers a decisive means of elucidating 
the regulatory functions of plant growth substances. The method has been 
successfully applied in studies on the role of endogenous GAs in elongation 
growth and of ABA in stomatal closure (Phinney 1985, Tal and Nevo 1973). ABA-
deficient mutants of Arabidopsis thaliana proved to be useful tools in studies 
on the role of this hormone in dormancy induction (Karssen and tagka 1986). 
Cytokinins. A role of cytokinins in seed development has been suggested in a 
few studies. In tomato partial defoliation increased cytokinin levels in 
seeds, which was accompanied by an enhanced rate of seed development (Monse-
lise et al. 1978). A comparison of near-isogenic lines of barley with dif-
ferent grain weights showed that large-grain lines contained a significantly 
higher cytokinin content during early seed growth than small-gra'in lines 
(Seiler-Kelbitsch et al. 1975). 
Auxins. In the same barley mutants high grain weight correlated also with a 
significant higher auxin level (Mounla et al. 1980). 
Gibberellins. Spraying of plants during seed development with inhibitors of 
GA-biosynthesis, such as ACPC and chlormequat strongly reduced GA levels in 
seeds but hardly reduced seed fresh weight in Pharbitis nil (Zeevaart 1966) 
and pea (Baldev et al. 1965). Barendse et al. (1986) studied the effect of GA 
on seed development in Arabidopsis thaliana by comparing seeds of wild-type 
and the GA-deficient ga-1 line. The lack of endogenous GA in developing seeds 
did not affect any aspect of seed growth, but fruit growth was clearly in-
hibited. 
Abscisic acid. Studies with ABA-deficient mutants of Arabidopsis thaliana 
unequivocally proved that in this species endogenous ABA is responsible for 
the induction of dormancy during seed development (Karssen et al. 1983). A 
stimulatory role of endogenous ABA in the synthesis of storage proteins was 
suggested in studies on the cultivation of immature seeds or seed parts in 
vitro in the presence or absence of exogenous ABA (Trlplett and Quatrano 1982, 
Schroeder 1984, Bray and Beachy 1985). Crouch et al. (1985) showed that a 
similar stimulatory effect could be obtained, even more rapidly, by cultiva-
tion in an osmoticum. This stimulatory effect was not mediated by an increase 
in the endogenous ABA level (Finkelstein and Chrouch 1986). 
The role of hormones in the maintenance and relief of dormancy. 
After development and maturation, most seeds enter a period of developmental 
arrest that is characterized by dehydration and cessation of growth and 
results in either quiescent or dormant seeds. Quiescent seeds only require 
rehydration for germination, whereas dormant seeds do not germinate at any set 
of environmental conditions (true dormancy) or at a more or less limited range 
only (relative dormancy). Breaking of dormancy results in a widening of the 
range of suitable conditions for germination, making seeds more sensitive to 
stimulatory factors such as light, nitrate and growth regulators (Karssen 
1982b). Under natural conditions dormancy prevents germination under circum-
stances that are unfavourable for the survival of the seedling, such as burial 
in soil, shade or extreme temperatures. Modern agriculture demands full 
germination at broad range of environmental conditions. Therefore, studies on 
the mechanisms and regulation of dormancy and germination form an essential 
basis for agricultural practice. 
It has often been suggested that dormancy and germination depend on the 
interaction between the growth-inhibiting hormone ABA and the growth-promotive 
hormones GA and, possibly, cytokinins (Khan 1977). The effects of environmen-
tal factors such as light and temperature on the maintenance and relief of 
dormancy are thought to be mediated by changes in the balance between growth-
promotive and -inhibitory hormones. The hormone-balance theory of seed dorman-
cy is mainly based on the effects of applied growth regulators. Doubts on the 
validity of the hypothesis have been expressed (Black 1980/81, Bewley and 
Black 1982, Wareing 1982). 
Mutants which lack the capacity to synthesize specific hormone(s), or are 
insensitive to hormone(s), provide unique tools to test the theory. The ger-
mination of GA-deficient seeds of Arabidopsis thaliana is absolutely dependent 
on the application of exogenous GA (Koornneef and Van der Veen 1980). The 
requirement for GA is influenced by the action of ABA during seed development; 
seeds that are deficient for both GA and ABA require much lower GA levels for 
germination than GA-deficient seeds (Karssen and -tagka 1986). Based on these 
observations Karssen and tagka (1986) formulated a revision of the hormone-
-balance theory of seed dormancy. In the i r opinion endogenous ABA and GA never 
act s imul taneously on dormancy i n Arabidopsis t h a l i a n a . The ro le of ABA i s 
res t r ic ted to the induction of dormancy during seed development, whereas GA is 
only active in the st imulat ion of germination. The intermediate state between 
the action of both (classes of) hormones i s that of dormancy: low ABA-levels 
mean a low level of dormancy that requires low GA-levels during germination, 
high ABA-levels induce deep-dormant seeds tha t requ i re r e l a t i v e l y high GA-
- levels to germinate. 
Present study 
In the present thes is the r o l e of endogenous GA and ABA i n the r egu la t i on of 
seed development, dormancy and germination in tomato i s studied by means of 
GA- and/or ABA-deficient mutants. Compared to the t iny seeds of Arabidopsis 
thal iana the large size of tomato seeds enables a study of the loca l iza t ion of 
hormone action in the d i f fe rent seed parts during development and germination. 
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Fig. 1. GA-deficient tomato plants after 4 month cultivation. Plants 
were raised from ga-1 seeds from which endosperm and testa were 
removed in the area opposing the radicle. Plants grew without any 
application of exogenous GAs (hUO) or with one single spray with 
10 \iM GA4+7 o n e week before the picture was taken. Bar represents 
10 cm. 
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Fig. 2. Response in maize-d-5-bioassay to extracts of immature w i l d -
type Moneymaker, ga-1 and ga-2 f r u i t s . For each genotype 20 g dry 
weight ( lyophi l ized) of immature f r u i t s up to 3 cm in diameter were 
extracted and the acidic phase was subjected to reverse phase HPLC. 
The f r a c t i o n number represents the grad ient from 2085 to 100% 
methanol. Each f r a c t i o n was appl ied to four d-5 maize p l a n t s . The 
f i r s t + second lea f sheaths were measured a f t e r one week. The data 
are expressed as percentage of c o n t r o l (unt reated 1 s t + 2 n d l e a f 
sheath = 41 mm). (O r i g i na l graph courtesy of Professor J.A.D. 
Zeevaart, reproduced with permission). 
The two GA-deficient l ines and the ABA-deficient l i n e , used in the present 
s tudy, were i s o l a t e d in a background of the cv. Moneymaker by Professor Van 
der Veen and Mrs Bosma of the Department of Genetics, Agr icu l tura l Universi ty, 
Wageningen (Koornneef et a l . 1981, 1985). The mutations were induced by t rea t -
ment of seeds wi th ethylmethanesulfonate. 
GA-deficient mutants. Mutants of the genotypes ga- l /ga-1 and ga-2/ga-2 were 
se lected i n the M2 popu la t ion as non-germinat ing, GAA ^-responsive seeds 
(Koornneef et a l . 1981). The plants that develop from ga-1 or ga-2 seeds af ter 
GA-stimulated germination are extreme dwarfs wi th dark-green leaves and short 
in ternodes. Spraying the p lan ts w i t h 10 uM GA* -, r eve r t s the dwarfs pheno-
typ ica l l y to wi ld- type plants (Fig. 1). The lack of endogenous GA in the ga-1 
and ga-2 mutant has been demonstrated by Professor J.A.D. Zeevaart, Michigan 
State U n i v e r s i t y , USA (F ig . 2). 
ABA-def ic ient mutant. The ABA-def ic ient mutant, genotype s i t w / s i t w , was 
selected for w i l t i n g in the M2 generation. The ABA leve l i n the turg id leaves 
of s i t w p lan ts i s about 108S of t ha t i n t u r g i d leaves of w i l d - t y p e p l a n t s , 
water-stressed mutant lea f le ts do not accumulate ABA, in contrast to wi ld- type 
(Cornish and Zeevaart 1985). 
In th i s thesis the role of endogenous GA during tomato seed germination was 
s tud ied by comparing the germinat ion of GA-def ic ien t and w i l d - t y p e seeds 
(Chapter 2). Special a t t e n t i o n was paid to the weakening of the endosperm 
layers opposing the r a d i c l e t i p . An ana lys is of the enzymatic hyd ro l ys i s of 
the endosperms i s presented in Chapter 3. The r o l e of endogenous GA i n seed 
and f r u i t development was studied by comparison of seeds and f r u i t s developing 
on ga-1 plants af ter po l l ina t ion wi th ei ther ga-1 or wi ld-type pollen (Chapter 
4) . A s i m i l a r study was conducted on the r o l e of endogenous ABA i n seed 
development (Chapter 5). The influence of endogenous ABA on seed germination 
was s tud ied i n r e l a t i o n to GA-production and GA-def ic iency (Chapter 6). A 
model f o r the ro le of endogenous ABA and GA i n tomato seed germinat ion i s 
presented in Chapter 7, fol lowed by a summary of the thesis in Chapter 8. 
Chapter 2 
Gibberellins regulate seed germination in tomato by endosperm weakening: a 
study with gibberellin-deficient mutants. 
In collaboration with CM. Karssen. 
The text of this chapter is accepted for publication in Planta. 
Abstract. Germination of tomato seeds c.v. Moneymaker is compared to the 
germination of seeds of the gibberellin-deficient dwarf mutant line ga-1, 
induced in the same genetic background. Germination of tomato seeds is ab-
solutely dependent on the presence of either endogenous or exogenous gibberel-
lins (GAs). GA* -j is 1000-fold more active than commercial GA-j in inducing 
germination of the ga-1 seeds. Red light, a pre-incubation at 2 °C, and 
ethylene do not stimulate germination of ga-1 seeds in the absence of GA^ +-^ . 
Fusicoccin stimulates independently, however. 
Removal of the endosperm and testa layers opposing the radicle tip causes 
germination of ga-1 seeds in water. The seedlings and plants that develop from 
the detipped ga-1 seeds exhibit the extreme dwarfy phenotype that is normal to 
this genotype. Measurements of the mechanical resistance of the surrounding 
layers show that the major action of GAs is directed to the weakening of the 
endosperm cells around the radicle tip. In wild-type seeds this weakening 
occurs in water before radicle protrusion. In ga-1 seeds a similar event is 
dependent on GA4.7, while fusicoccin also has some activity. Simultaneous 
incubation of de-embryonated endosperms and isolated axes shows that wild-type 
embryos produce an endosperm-weakening factor that is absent in ga-1 axes and 
is probably a GA. Thus, an endogenous GA facilitates germination in tomato 
seeds by weakening the mechanical restraint of the endosperm cells to permit 
radicle protrusion. 
Introduction 
Since the f i r s t report on the s t imulat ive ef fect of g ibbere l l ic acid (GA3) on 
let tuce seed germination (Lona 1956), s imi la r resul ts have been described for 
a la rge number of species. Nevertheless, d e f i n i t e proof tha t the promotive 
ef fect of GA-j and other GAs on germination re f lec ts the action of endogenous 
GAs wi th in the seed i s s t i l l absent. The wel l documented GA-induced mobi l iza-
t i o n of reserves i n graminaceous seeds i s a pos t -germina t ion event (e.g. 
Ashford and Gubler 1984). In a few species a causal r e l a t i o n s h i p has been 
shown between the e f f e c t of c h i l l i n g on the release of dormancy and the 
increase of GA- l ike a c t i v i t y ( P i n f i e l d and Davies 1978, Taylor and Wareing 
1979). 
An a l t e r n a t i v e approach invo lves manipulation of endogenous GA levels by 
chemical or genetic means and observation of the resul t ing changes in germina-
t i o n and dormancy. I n h i b i t i o n of seed germinat ion by i n h i b i t o r s of GA b i o -
synthes is l i k e d ie thy lene g l y c o l d i s u l f i d e (Gafni and Shechter 1981) or 2-
chloroethyltrimethylammonium chloride (chlormequat) (Hepher and Roberts 1985) 
have been repor ted . However, caut ion i s requ i red i n i n t e r p r e t i n g r e s u l t s of 
i nh ib i to r studies since secondary ef fects on e.g. s tero l biosynthesis and c e l l 
d iv is ion have been demonstrated (Douglas and Paleg 1974; Nitsche et a l . 1985). 
GA-def ic ient dwarfy mutants have been i s o l a t e d i n r i c e (Murakami 1972), 
bar ley (Hopp et a l . 1981) and maize (Phinney and Spray 1982). E f fec ts of the 
GA de f i c iency on the germinat ion behaviour of t h e i r seeds have not been r e -
ported, however. Recently, GA-deficient mutants were isolated in Arabidopsis 
thaliana (Koornneef and Van der Veen 1980) and tomato (Koornneef et a l . 1981, 
1985). Germination of the Arabidopsis ga-1 mutant absolutely depends on the 
appl icat ion of exogenous GAs (Karssen and -tagka 1986). 
The monogenic dwarf tomato mutants of the genotypes ga- l /ga-1 ( l ine W335 = 
V335 = Ve335) and ga-2/ga-2 ( l ine W270 = Ve270), were obtained af ter treatment 
of seeds of the cu l t i va r 'Moneymaker' wi th ethylmethanesulfonate, followed by 
se l ec t i on f o r non-germinat ing GA* -^-responsive seeds i n the M2 popu la t ion 
(Koornneef et a l . 1981). The plants that develop af ter GA-stimulated germina-
t ion of the mutant seeds are extreme dwarfs wi th dark-green leaves and very 
shor t in ternodes (Zeevaart 1984). In the mutant f l o w e r , the c o r o l l a and 
stamens do not elongate and the s ty le i s misshapen, both microsporocytes and 
macrosporocytes are i n i t i a t e d but they degenerate (Koornneef et a l . 1985, 
Nester and Zeevaart 1986). Spraying the plants wi th 10 uM GA* -, reverts the 
dwarfs phenotypically to wi ld-type plants, that develop f lowers and produce 
f r u i t s and seeds. Feeding studies with various GAs and precursors suggest that 
the GA-biosynthetic pathway in the ga-1 mutant i s blocked pr ior to ent-kaurene 
and in the ga-2 mutant between kaurenoic acid and GAio (Zeevaart 1984). 
The present study analyzes the role of endogenous GAs in tomato seed ger-
mination with the use of the ga-1 mutant. Seeds of the cultivar 'Moneymaker' 
served as GA-producing controls. In particular the influence of GA-deficiency 
on the weakening of the endosperm opposing the tip of the radicle was 
examined. This process has been reported to be stimulated by exogenous GA* -, 
in structurally related pepper seeds (Watkins and Cantliffe 1983). The stimu-
lative actions of ethephon, fusicoccin (Nelson and Sharpies 1980) and red 
light on germination was also studied in the presence or absence of endogenous 
GAs. 
Material and methods 
5eed material. Wild-type tomato , Lycopersicon esculentum Mill., cv. Money-
maker and the GA-deficient genotypes ga-l/ga-1 and ga-2/ga-2 were obtained 
from Professor 3.H. van der Veen of the Department of Genetics, Agricultural 
University Wageningen. Plants for seed production were raised in a greenhouse 
during the summers of 1983 and 1985. GA-mutant plants were sprayed once a week 
with a solution of 10 yM GA^+y (Berelex, ICI, U.K.) on the top and flowerbud 
regions to stimulate shoot growth and development of petals and anthers. 
Seeds were isolated from mature fruits and incubated in 1% HC1 for 1 h to 
remove the remnants of the mucilagenous locular tissue. Thereafter the seeds 
were rinsed with tap water, dried at room temperature and stored in closed 
plastic containers in a refrigerator at 7 °C until use. Comparison between 
wild type and mutant were always made with seed lots from the same harvest 
date. 
Germination conditions. Triplicates of 50 seeds were sown in 5 cm glass Petri 
dishes on one layer of filter paper (Schleicher & Sch'ull no. 595) moistened 
with 1.5 ml of distilled water or test solution. GA-j (Sigma, USA) and GA* -j (a 
gift of ICI, UK), were dissolved in 1 M KOH and diluted with distilled water, 
the pH of the stock solutions was adjusted to 7.0 with 1 M HC1. Thiomersal 
(BDH, UK), in a concentration of 0.25 mg/1 was added to prevent fungal 
growth. The Petri dishes with seeds were placed in closed plastic boxes and 
incubated at 26 °C in the dark unless mentioned otherwise. Visible radicle 
protrusion was used as a criterion for germination, it was normally counted 
after 7 days. 
Red light (620-700 nm, 2.6 W.m ) was obtained by filtering irradiation 
from 6 red fluorescent tubes (Philips TL 20 W/15) by 3 mm plexiglas (Red 501, 
Rohm & Haas). Illuminated seeds were irradiated intermittently for 10 min per 
hour during the first 24 h after the start of imbibition. 
Incubation of seed parts. Aseptical i so la t ion of de-embryonated seed parts was 
performed in a laminar flow cabinet under white fluorescent l i g h t . The surface 
of dry seeds was s te r i l i zed by a 1 min incubation in 1% sodium hypochlori te, 
fol lowed by a r inse wi th s t e r i l e tap water. The s t e r i l i z e d seeds were trans-
ferred to s t e r i l e Petr i dishes wi th s t e r i l e d i s t i l l e d water or test solut ion. 
So lu t ions were s t e r i l i z e d w i th a Mil lex-GV f i l t e r u n i t ( M i l l i p o r e S.A., 
France). A f t e r 2 to 3 hours of dark i m b i b i t i o n the seeds were cut i n halves. 
From the placental seed hal f (Fig. 1) a l l embryo parts were carefu l ly removed 
wi th tweezers. 
In s tud ies on the behaviour of i s o l a t e d axes, we used the r a d i c l e w i t h 
adjacent part of the hypocotyl that was removed from the placental seed hal f 
(F ig . 1). Dupl icates of 10 or 11 de-embryonated p lacen ta l seed halves or 
isolated axes were fur ther incubated i n s t e r i l e Pet r i dishes wi th one layer of 
s t e r i l e f i l t e r paper and 1.5 ml s t e r i l e test solut ion. The Petr i dishes were 
closed wi th paraf i lm and placed in the dark at 26 °C. 
Puncture fo rce de te rm ina t ion . To measure the mechanical r e s t r a i n t of the 
layers opposing the r a d i c l e t i p , seeds were cut i n halves a f t e r 2 h of i m -
b i b i t i o n and the axes were removed from the p lacen ta l seed halves. In one 
experiment also the tes ta was c a r e f u l l y removed, using tweezers. The seed 
halves were placed on a steel needle of 0.4 mm diameter w i th the t i p ground in 
the shape of the r a d i c l e t i p (F ig . 1). The needle was at tached to the c ross -
head of an Instron 1122 universal test ing instrument (Instron Ltd., U.K.). The 
needle with the seed hal f moved downwards with a speed of 5 mm.min- to a hole 
i n a PVC b lock , placed on a 20 N load c e l l . The diameter of the hole was such 
that the needle could pass, whereas needle plus seedhalf were obstructed. In 
a l l experiments repor ted , the same needle and counterhole were used. The 
puncture fo rce needed to break through the layers opposing the r a d i c l e was 
recorded and taken as a measure f o r the mechanical r e s t r a i n t of the seed 
layers. 
S ta t i s t i cs of the puncture force data. In the f i r s t two experiments, the punc-
tu re force was determined a f t e r incubat ion of i n t a c t seeds fo r d i f f e r e n t 
periods. Incubation periods of 20 h or more led in some cases to germination 
of part of the seeds. For the puncture force measurements only non-germinated 
seeds were used. To correct for th i s par t ly select ive sampling and taking in to 
account the number of germinated seeds, a median was ca lcu la ted using the 
fo l lowing procedure: 
The n seeds that had already germinated were removed from the Petr i dish 
which had a t o ta l number of 50 seeds. From the 50-n non-germinated seeds, 10 
seeds were tested for the i r puncture force. The observed values were ordered 
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Fig. 1. Schematic presentation of (A) a section through a tomato seed 
and (B) the measurement of the puncture force. In A the curled embryo 
is shown with cotyledons (c), axis (a) and radicle (r) surrounded by 
endosperm (e), testa (t) and remnants of placental tissue (p). In B 
the placental seed half is shown, which is attached to the crosshead 
of an Instron 1122 Universal testing instrument, the radicle is 
replaced by a needle (n). Needle plus seedhalf move downwards to a 
block (b) with counterhole. See text for further description of the 
measurement. 
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by size, whereafter their rank number j. (1 - 10) in the censored sample was 
replaced by a plotting position £ for the complete sample. This £ was cal-
culated by the formula £ = 51 [n+i(51-n)ll ] and plotted with the correspon-
ding observed puncture force values on normal probability paper, from which 
the median was read. 
The experiments with de-embryonated seed halves were performed with two 
duplicates of 10 or 11 seed halves per treatment. The similarity of the 
duplicate samplings was calculated using the Student-T-test, with a confidence 
level of 2.5 % on both sides. In the absence of significant differences, the 
duplicates were combined and the mean with standard deviation was calculated. 
A possible significant difference between two treatments was also calculated 
using the Student-T-test, but then with a confidence level of 5 % at one side. 
Ethyl acetate extraction. In one experiment 100 isolated axes were incubated 
in water under intermittent (10 min.h ) red irradiation for 24 hours, fol-
lowed by 2 days dark incubation. Thereafter, the incubation liquid was col-
lected, and axes and filter paper were washed twice with distilled water. The 
incubation liquid was adjusted to pH 2.5 with 1 M HC1 and extracted twice with 
equal volumes of water-saturated ethyl acetate. The water fraction was neu-
tralized with 1 M K0H and sterilized through a Millex-GV filter. The two ethyl 
acetate fractions were pooled, evaporated to dryness at 25 °C and the residue 
was dissolved in 2 ml methanol. This methanol extract was transferred to two 
sterile Petri dishes with filter paper and allowed to evaporate till dryness. 
Thereafter 1.5 ml sterile water was added. 
Results 
Wild-type seeds germinated in water, but germination of ga-1 and ga-2 seeds 
was absolute ly dependent on app l ica t ion of e i t h e r GA* -, or GA-j, the l a t t e r 
being 1000-fold l e s s e f f ec t ive , however (Fig. 2). The ga-1 and ga-2 l i n e s 
showed no difference in sensi t ivi ty to the exogenous GAs, therefore further 
experiments were restr icted to ga-1 seeds only. 
The GA requirement of ga-1 seeds could not be replaced by a pre-incubation 
at 2 °C, an irradiat ion with red l ight , or the application of ethylene in the 
atmosphere (Table 1). However, fusicoccin s t imula ted the ga-1 seeds in the 
absence of endogenous GAs. Application of GAA -, could be replaced by removal 
of endosperm and testa layers opposing the radicle (detipping). From detipped 
ga-1 seeds, seedlings grew out to the dwarfy ga-1 phenotype. 
The germination of detipped ga-1 seeds in water suggested that the action 
of GAs was located in the layers surrounding the t i p of the r a d i c l e . The 
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F i g . 2. The e f f e c t of GA* -, and GAj on the germinat ion of w i l d - t y p e 
( A ) , ga-1 ( O, • ) and ga-2 ( D, • ) seeds; GA4+7: open symbols, GA-j: 
closed symbols. Germination was recorded af ter 7 days incubation at 
26 °C in darkness. 
puncture force needed to break through these layers af ter d i f ferent incubation 
per iods i s shown i n F ig . 3. In w i l d - t y p e seeds the puncture force decreased 
from the 12 h of incubat ion onwards, which i s w e l l i n advance of r a d i c l e 
protrusion that started around 20 h. During the early hours of incubation the 
puncture fo rce requ i red by the ga-1 and w i l d - t y p e seeds was equal . In water 
the mechanical res t ra in t of the ga-1 seed layers did not decrease: but in 10 
liM GA* -j ga-1 seeds behaved l i ke wi ld- type seeds. The weakening and germina-
t ion of wi ld-type seeds, incubated in GA^  -,, started ear l ie r compared to that 
of the ga-1 seeds (Fig. 3), which might be due to endogenous GA production in 
the wi ld-type seeds. 
In ga-1 seeds the decrease of the mechanical resistance of endosperm plus 
tes ta was compared to tha t of endosperm alone. In the presence of the tes ta 
and remnants of the placenta, the required force had to be about 0.1 N higher. 
Therefore, the weakening was r e s t r i c t e d to the endosperm (F ig . 4) . S im i l a r 
observat ions were made w i t h w i l d - t y p e seeds i n water or GA^+y (data not 
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Table 1. Effects of pretreatments with red light or chilling and of 
treatments with GAA.T, ethylene or fusicoccin, or detipping on the 
germination of ga-1 seeds at 26 "C. In detipped seeds, the testa plus 
endosperm layers opposing the radicle were removed after 2 h of im-
bibition. Germination was scored after 7 days of incubation. 
Incubation medium Condition Germination, % 
water 
water 
water 
GA4+? 10 uM 
ethylene 8 Ml.l 1 
fusicoccin 10 1-iM 
water 
dark 
red 24 h 10 min.h-1 
dark, 2 °C 7 d 
dark 
red 24 h 10 min.h"1 
dark 
dark, detipped 
0 
0 
0 
99 
0 
65 
100 
0.6 
.0.4 
o 
0-0.2 
40 
20 
8 16 24 
Incubation period, h 
32 
F i g . 3 . Changes w i t h t i m e o f t h e median f o r c e r e q u i r e d t o p u n c t u r e 
the l a y e r s opposing the r a d i c l e t i p ( s o l i d l i n e s ) and o f ge rm ina t i on 
(broken l i n e s ) of w i l d - t y p e ( A , A ) and ga-1 ( • , O) seeds incubated 
i n w a t e r ( c l o s e d symbo ls ) o r 10 yM GA^+ ? (open s y m b o l s ) . See Ma-
t e r i a l and Methods f o r the c a l c u l a t i o n o f the puncture f o r ce . 
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Fig. 4 . Changes w i t h t ime of the puncture fo rce requ i red to d i s rup t 
the ga-1 endosperm ( • ) or the ga-1 endosperm plus testa ( o ) in the 
region opposing the radic le t i p during incubation in 10 yM GA* -, at 
26 °C. With the tes ta a lso remnants of the p lacen ta l t i ssue were 
removed. Endosperms were i so l a t ed immediate ly before the measure-
ments. 
shown). In the previous t ime-course experiments puncture forces were 
measured d i rec t l y af ter i so la t ion of the layers from in tact seeds. In order to 
invest igate whether the weakening of the endosperm depended on the presence of 
the embryo, a l l fur ther iso lat ions were performed at around the 3 h of im-
b i b i t i o n and the i s o l a t e d de-embryonated seed halves (p lacen ta l ends) and 
embryonic axes were further incubated separately. 
The experiments wi th de-embryonated seed halves c lear ly showed that the two 
genotypes only d i f fered in the embryo. During incubation of embryoless seed 
halves the weakening of the endosperm resistance depended both in w i l d type 
and ga-1 absolutely on exogenous GA* -, (Fig. 5), whereas in in tact seeds such 
dependency only occurred in ga-1 (Fig. 3). The sens i t i v i t y of the embryoless 
seed halves of both genotypes was s i m i l a r (F ig . 5). In the absence of the 
embryo the endosperm weakening occurred much slower than in in tact seeds. The 
puncture force decreased to the minimal value of 0.2 N i n 72 instead of 32 
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F i g . 5 . Changes w i t h t i m e o f t he p u n c t u r e f o r c e r e q u i r e d t o d i s r u p t 
i n de-embryonated seed ha lves the l aye rs t h a t opposed i n the i n t a c t 
s t a t e t h e t i p o f t h e r a d i c l e . The seed h a l v e s o f w i l d t y p e ( A , A ) 
and g a - 1 ( • , o ) were i s o l a t e d a f t e r 2 h o f i n c u b a t i o n i n w a t e r and 
t h e r e a f t e r incubated i n water (c losed symbols) or 10 pM GA^+y (open 
symbols) a t 26 °C i n darkness. 
hou rs ( F i g s . 3 , 5 ) . F u s i c o c c i n was i n a c t i v e when t h e seeds were f i r s t s t e r -
i l i z e d w i t h h y p o c h l o r i t e , b u t i t c o u l d m i m i c GA4.7 t o some e x t e n t i n n o n -
s t e r i l i z e d de-embryonated seed ha lves . I n a concen t ra t i on of 100 yM f u s i c o c c i n 
the puncture f o r c e dec l i ned to 0.42 N i n 48 hours (data not shown). 
The prev ious exper iment demonstrated t h a t only w i l d - t y p e embryos produce a 
f a c t o r t h a t induces weakening of the endosperm, whereas t h a t f a c t o r i s m iss ing 
i n ga-1 embryos. A d d i t i o n a l evidence was found when de-embryonated seed ha lves 
and i s o l a t e d axes were i n c u b a t e d t o g e t h e r , i n d i f f e r e n t c o m b i n a t i o n s , i n a 
s m a l l vo lume o f w a t e r (Tab le 2 ) . Weakening o f b o t h w i l d - t y p e and g a - 1 endo-
sperms on ly occurred when w i l d - t y p e axes were p resen t , i t f a i l e d i n the p res -
ence of ga-1 axes. 
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Table 2. Mean puncture force (+ SD) of 11 de-embryonated seed halves 
of the ga-1 mutant or w i l d type, incubated fo r 7 d w i t h 50 axes of 
ga-1 mutant or w i l d type i n 1.5 ml water at 26 °C i n the dark. The 
experiment was carr ied out i n dupl icate. 
Mean puncture force _+ SD (N) 
axes de-embryonated seed halves 
Ga-l/Ga-1 ga-l/ga-1 
Ga-l/Ga-1 0.28 + 0.08 0.22 + 0.08 
ga-l/ga-1 0.56+0.06 0.58+0.07 
SD = standard deviation 
Pre l im ina ry experiments were d i rec ted to the nature of the weakening 
factor. The incubation medium of 100 wi ld- type axes was ac id i f ied and mixed 
w i t h e t h y l aceta te . Tests of the ac id i c water phase and the e t h y l acetate 
phase on the endosperm weakening i n de-embryonated ga-1 seed halves showed 
that the factor was ethyl acetate soluble (data not shown). 
Discussion 
The present experiments w i t h w i l d - t y p e and GA-deficient seeds c lear ly show 
tha t the germinat ion of tomato seeds abso lu te ly depends on the presence of 
e i t h e r endogenous or exogenous GAs. A s i m i l a r conclus ion was repor ted from 
studies wi th the GA-deficient l ines of Arabidopsis thal iana (Koornneef and van 
der Veen 1980, Karssen and tagka 1986). Thus, in these species the s t imulat ive 
action of exogenous GAs re f lec ts the action of natura l ly occurring hormones. 
Our experiments do not provide information about the nature of the endo-
genous GAs. Zeevaart (1984) has shown tha t GA b iosyn thes is i n tomato shoots 
fol lows the early-13-hydroxylation pathway leading from GAc, to GA-i and GAo. 
GA^  i s probably the only endogenous GA that i s b io log ica l l y act ive per se in 
the c o n t r o l of e longat ion growth i n many higher p lan ts (Phinney 1985). In 
immature tomato f r u i t s the GA b iosyn thes is may also f o l l o w a presumptive 
pathway of non-13-hydroxylated GAs (Zeevaart 1985) leading to GAg and GA*. I t 
i s shown i n F ig . 2 tha t exogenous GA^+y i s much more ac t i ve than GA-z. This 
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might indicate that GA* and or GAT are either biologically active or are 
easily converted to an active GA in the endosperm. Conversion of GA^ to GA-i 
and GA-j^ has been reported for seedlings of dwarf rice (Durley and Pharis 
1973) and germinating pine pollen (Kamienska et al. 1976). However, Durley et 
al. (1976) showed that lettuce seeds cv. Grand Rapids did not convert [ H]GA* 
to other GAs prior to, or immediately following, visible germination. They 
concluded that GA* alone can promote radicle expansion. However, substantial 
conversion of [ H]GA^ to [ H]GA^ occurred during the extension of the lettuce 
hypocotyl. The activity of the commercial GA-j may be due to the presence of 
minor quantities of another active GA. 
The stimulation of tomato seed germination by red light or ethylene, as 
reported by Nelson and Sharpies (1980), is probably dependent on the presence 
of endogenous GAs, since both treatments failed to stimulate the germination 
of GA-deficient seeds (Table 1). Fusicoccin, however, stimulated the germina-
tion of tomato seeds independently of endogenous GAs. This observation is in 
contrast to the results obtained with celery seeds where fusicoccin only 
stimulated germination in the presence of exogenous GA* -, (Thomas and Sam-
brooks 1985). It has been postulated that fusicoccin stimulates cell growth by 
promotion of cell wall loosening, mediated by an induced decline of the ex-
tracellular pH (Marre" 1979). Therefore, the failure of fusicoccin to stimulate 
tomato seed germination after sterilization with hypochlorite might be ex-
plained by an antagonistic effect of some residual hypochlorite on the fusi-
coccin-induced proton extrusion. 
The present data make clear that the main action of GAs during germination 
is directed to the weakening of the endosperm cells surrounding the radicle 
tip. Endosperm weakening never occurred in ga-1, neither in intact nor in de-
embryonated seed halves, without addition of GA* -, (Figs. 3, 5). Since in wild 
type weakening was only independent of exogenous GA in intact seeds, it is 
strongly suggested that an endogenous GA is produced in the embryo of wild-
type seeds and diffuses from embryo to endosperm. The results of the reci-
procal combination of isolated seed parts support this suggestion (Table 2). 
Unequivocal evidence that the diffusable factor is a GA is not presented. But 
the factor is ethyl acetate-soluble and is thus certainly not an endosperm-
hydrolysing enzyme. Since fusicoccin is not a natural occurring factor in 
tomato seeds, the weakening stimulative action of this compound certainly does 
not mimic an endogenous event. 
Although the embryo most likely produces a GA, growth of the embryo itself 
seems not absolutely dependent on GA. When endosperm and testa were removed in 
the area opposing the radicle tip, embryo elongation occurred in ga-1 without 
addition of GA +^-^ (Table 1), albeit at a reduced rate. Probably, the rate of 
cell elongation is reduced in the growing radicle as is generally observed in 
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the area opposing the radicle tip, embryo elongation occurred in ga-1 without 
addition of GAA -, (Table 1), albeit at a reduced rate. Probably, the rate of 
cell elongation is reduced in the growing radicle as is generally observed in 
mature dwarf mutant plants. It cannot be excluded that the growth of ga-1 
embryos and plants in the absence of exogenous GAs is the result of endogenous 
GAs at concentrations below the detection level of the bioassay. However, such 
a small leakyness of the ga-1 allele is not likely since mature ga-1 plants 
maintained their extreme dwarf habitus during at least one year, while all 
plant parts were still sensitive to application of GA* 7 (non published 
results). 
Evidently, endogenous GAs are not required for the development of the 
mechanical restraint of the endosperm during seed formation since the resis-
tance during the early hours of incubation was similar in seeds of both 
genotypes (Fig. 3). 
An effect of embryonic GAs on endosperm cells has been shown in different 
seed systems. Well documented is the transport of GAs from embryo tissues to 
aleurone cells in barley and other cereal seeds (e.g. Ashford and Gubler 
1984). In seeds of dicotyledons, e.g., celery, indirect evidence suggests that 
embryo GA also acts on endosperm tissue (3acobsen et al. 1976, Jacobsen and 
Pressman 1979). In these systems, the action of GA is either a post-germina-
tion event (barley) or it is required for the pre-emergence growth of embryos 
at the expense of endosperm breakdown (celery). It is proven here for the 
first time that endogenous GAs regulate seed germination by weakening of the 
mechanical restraint of the layers that surround the radicle. Previously 
Watkins and Cantliffe (1983) suggested such a role of GA in pepper seeds, 
because incubation of intact seeds in GA* -, enhanced the weakening of the 
endosperm layers. 
In lettuce seeds hydrolysis of the endosperm cell walls was also stimulated 
by exogenous GA, but required the presence of the cotyledons (Halmer and 
Bewley 1979). The hydrolysis occurred exclusively as a post-germinative pheno-
menon (Bewley et al. 1983) and thus pointed to a function in mobilization of 
storage carbohydrates. Obviously, endosperm weakening in tomato will involve a 
certain degradation of the cell walls, but this occurs prior to germination. 
Total degradation of the cell walls is probably not required for germination, 
the process might be limited to a specific loosening of cell wall rigidity, 
causing sufficient weakening to permit protrusion of the radicle. Therefore, 
the promotive effect of GAs on the weakening of endosperm cell walls opposing 
the radicle might be different from the total post-germination hydrolysis of 
the cell walls in the rest of the endosperm. In lettuce seeds, Georghiou et 
al. (1983) observed structural modifications in a restricted area of the 
endosperm opposite the radicle tip, prior to emergence of the radicle. 
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Chapter 3 
Gibberellin-induced hydrolysis of endosperm c e l l walls in g ibbere l l in -
-deficient tomato seeds prior to radicle protrusion. 
In col laborat ion wi th B. Kieliszewska-Rokicka and CM. Karssen. 
The text of th is chapter i s submitted for publ icat ion in Planta. 
Abstract 
The weakening of the mechanical restraint of the endosperm layer in tomato 
seeds, a prerequisite for germination, is studied with the use of seeds of the 
GA-deficient ga-1 mutant. Incubation of ga-1 endosperms, including part of the 
testa, in 10 JIM GA^ -,, results within 12 h in the release of fructose, glu-
cose, galactose and mannose into the incubation medium. Only small amounts of 
sugars diffuse out of the endosperms during incubation in water. Chemical 
hydrolysis of endosperm cell walls of ga-1 seeds reveals that they are mainly 
composed of mannose, and smaller quantities of glucose and galactose. GA* -, 
induces in the endosperms the production of endo- B-mannanase activity, that 
is not detectable during incubation in water. It also induces an increase of 
mannohydrolase and a-galactosidase activities compared to the water controls. 
No cellulase activity is found. It is concluded that in tomato seeds the 
weakening of endosperms prior to radicle protrusion is mediated by a GA-
induced enzymatic degradation of the mannan-rich cell walls. 
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Introduction 
The embryo in tomato seeds is completely surrounded by a rigid endosperm 
layer. In a previous study it was shown that weakening of the mechanical 
restraint of the endosperm cells opposing the top of the radicle is a pre-
requisite for germination (Chapter 2). The study of the seeds of the GA-
deficient ga-1 mutant proved that the weakening absolutely depended on gib-
berellins (GA). In wild-type seeds endosperm weakening is induced by a dif-
fusible embryo factor being most likely a GA. It was hypothesized that GA in-
duces enzymatic hydrolysis of the relatively thick cell walls of the endo-
sperm. The mutants are used in present chapter to study the cell-wall compo-
sition of tomato endosperms and the effect of exogenous GA on the weakening 
process in the absence of endogenous GA. The release of sugars from isolated 
endosperms and the activity of cellulose- or (galacto-)mannan-degrading en-
zymes in GA-deficient endosperms: cellulase (EC 3.2.1.4), endo- 6 -mannanase 
(EC 3.2.1.78), o-galactosidase (EC 3.2.1.22) and a mannohydrolase is studied. 
The term mannohydrolase will be used since is has not been determined wether 
this enzyme is a g-mannosidase or an exo-6-mannanase (Reese 1977). Mannans 
or galacto-mannans are the major components of endosperm cell walls and 
function as reserve carbohydrates in seeds of lettuce, fenugreek, date and 
many other species (see Matheson 1984 and Halmer 1985 for recent reviews). 
Material and methods 
Seed material 
Seeds of the GA-deficient ga-1 mutant of tomato, Lycopersicon esculentum 
Mill., cv. Moneymaker, were obtained from Professor 3.H. van der Veen of the 
Department of Genetics, Agricultural University Wageningen. 
Isolation and incubation of endosperms 
De-embryonated ga-1 seed halves, for short indicated as half endosperms al-
though they also contained part of the testa, were aseptically isolated in a 
laminar-flow cabinet under white fluorescent light. The surface of dry seeds 
was sterilized by a 1 min incubation in 1% sodium hypochlorite, followed by a 
rinse with sterile tap water. After 2 to 3 h of incubation in sterile dis-
tilled water, the seeds were cut in halves. The placental seed halves, from 
which all embryo parts were carefully removed with tweezers, were used in the 
experiments. Samples of 50 half endosperms were rinsed three times with 
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sterile water and aseptically incubated in closed erlenmeyer flasks with 2 ml 
of either distilled water or 10 pM GA^ 7, sterilized with a Millex-GV filter 
unit (Millipore S.A., France). After incubation for different periods of time 
in a slowly shaking waterbath at 26 °C, the incubation liquid was analyzed for 
sugars released and the endosperms were used for enzyme determinations. 
Derivatization and analysis of the sugars 
After addition of 50 pg 2-deoxy-D-glucose as an internal standard, the samples 
were evaporated to dryness at 60 °C. To the dry samples 100 pi water-free 
pyridine and 50 pi 'Derive Sil' (Chrompack, NL) were added, thereafter the 
tubes were sealed and left for 30 min at room temperature to permit derivati-
sation of the sugars. The resulting trimethylsllyl-derivates (TMS-derivates) 
were analyzed either directly or after a period of storage at -80 °C. The 
method used resulted for most sugars in at least two derivates, due to a- and 
p-anomeric forms. The derivatized samples were analyzed by gas chromatography, 
performed on a Perkin Elmer 8320 gas chromatograph equipped with a flame 
ionization detector and an internal integrator. A CP Sil 5CB fused silica 
column, length 50 m, inner diameter 0.32 mm and film thickness 0.13 pm was 
used. The split ratio of the sample was 1:50. After an initial temperature of 
175 °C, the oven temperature was heated to 185 °C at a rate of 0.4 °C.min~ . 
The injector temperature was 275 °C and the inlet pressure of the carrier gas 
helium 85 kPa, resulting in a linear gas velocity of 270 mm.s . The detector 
temperature was 300 °C. 
Isolation and hydrolysis of endosperm cell walls 
After removal of testa and embryo, batches of 10 endosperms were ground with 
water in a mortar and passed through a french pressure cell at 100 kN to 
disrupt the endosperm cells. After centrifugation the pellet was washed twice 
with 5 ml 708S ethanol and twice with chloroform-methanol (2:1 v/v). The remai-
ning cell-wall material was dried and dissolved in 75 pi sulphuric acid (72% 
w/v) during 3h at room temperature. Thereafter it was diluted with 1.0 ml 
distilled water and hydrolyzed in vials closed with teflon-coated caps for 1 h 
at 120 °C. The hydrolysate was neutralized with bariumcarbonate, centrifuged, 
filtered and analyzed for sugars. 
Enzyme extraction 
Endosperms t h a t had been incubated i n water or i n GAi^ i f o r d i f f e r e n t per iods 
o f t i m e , were homogenized i n 1.5 ml 0.2 M p h o s p h a t e / 0 . 1 M c i t r a t e b u f f e r pH 
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5.0, for extraction of endo- B-mannanase, mannohydrolase and a-galactosidase 
activities. For extraction of cellulase activity, endosperms that had been 
incubated 24 h in 10 yM GA* -, were homogenized in water . The homogenates were 
centrifuged in a microfuge (Eppendorf, FRG) at 15,600 x g for 15 min. The 
supernatant was used as enzyme preparation and assayed either immediately or 
after storage at -20 °C. 
Enzyme assays 
Endo-8 -mannanase activity was assayed viscoslmetrically. Locust-bean galacto-
mannan (Sigma Chemical Co, USA) was purified according to Halmer et al.(1975) 
and dissolved in distilled water. The assay mixture consisted of 10.0 ml 
galacto-mannan substrate, 5.0 ml phosphate/citrate buffer (pH 5.0; 0.2/0.1 M) 
and 200 yl enzyme preparation. Decrease of viscosity of the assay mixture in a 
glass Oswald viscosimeter at 35 °C, was monitored by measuring the decrease in 
time of flow of the viscosimeter-graduated volume (10 ml) during 30 min. 
Initial flow time of the assay mixture was about 185 seconds, flow time of 
distilled water was 30 seconds. Control incubation was performed with boiled 
enzyme preparation. 
To assay mannohydrolase activity, 250 yl phosphate/citrate buffer (pH 5.0; 
0.2/0.1 M), 50 yl 10 mM £-nitrophenyl- 8-D-mannopyranoside (Boehringer Mann-
heim GmbH, FRG) and 200 yl enzyme preparation were mixed and incubated for 2 h 
at 35 °C. The reaction was stopped by addition of 2.5 ml 0.1 M NanCO*. Extinc-
tions were read at 400 nm. Activities were calculated on the basis of _p_-
nitrophenol released. In control incubations extraction buffer was used in-
stead of enzym preparation. 
To assay a-galactosidase activity, 250 yl phosphate/citrate buffer (pH 5.0; 
0.2/0.1 M), 50 yl 10 mM jj-nitrophenyl- o-D-galactopyranoside (Sigma Chemical 
Co, USA) and 200 yl enzyme preparation were mixed and incubated for 10 min at 
35°C. The reaction was stopped by addition of 2.5 ml 0.1 M Na2C0-j. Extinctions 
were read at 400 nm. Activities were calculated on the basis of ja-nitrophenol 
released. Enzyme preparation was replaced by extraction buffer in controls. 
Cellulase activity was also assayed viscosimetrically. The assay mixture 
consisted of 10 ml 0.5 % (w/v) carboxy methyl cellulose (BDH, UK) dissolved in 
25 mM citrate buffer (pH 4.8) and 200 yl enzyme preparation (water-extracted). 
Decrease in viscosity of the assay mixture in a glass Oswald viscometer at 45 
"C, was monitored by measuring the decrease in time of flow of the viscometer-
graduated volume during 150 min. 
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Results 
Release of sugars from incubated endosperms 
De-embryonated ga-1 seed halves, for short indicated as endosperms, were 
incubated in water or 10 yM GA^+T. During 12 h of incubation in water only low 
amounts of sugars diffused from the endosperms (Tab. 1). On the contrary, 
incubation in 10 UM GA4.7 strongly stimulated the release of mannose, fruc-
tose, glucose, and galactose into the incubation liquid. The release started 
between 6 and 12 h of incubation and after 12 h mannose was the most abundant 
sugar in the diffusate. 
Release of oligosaccharides into the incubation medium could not be de-
tected by the applied method of analysis. 
Table 1. Amounts of monosaccharides detected in diffusates from 50 
de-embryonated seed halves of ga-1 tomato seeds, dissected after 3 h 
of imbibition in distilled water, rinsed, and incubated in distilled 
water or 10 pM GA^+^ for different periods of time. 
incubation released sugars, pg.(50 half endosperms)- + 5D 
medium time 
mannose fructose glucose galactose 
H20 2 h (n=2) trace trace 2.4 + 1.4 0.6 + 0.2 
12 h (n=3) 0.5+0.2 1.5+0.3 1.6+1.4 2.1+1.4 
24 h (n=4) 0.4+0.1 2.8+2.1 4.5+3.8 2.8+1.9 
GA4+? 6 h (n=5) 0 . 4 + 0 . 2 0 . 6 + 0 . 1 1 . 7 + 0 . 2 3 . 7 + 0 . 6 
12 h (n=5) 3 2 + 5 11 + 3 1 0 + 3 1 5 + 3 
24 h (n=6) 141 + 51 59 + 25 39 + 14 16 + 4 
SD = standard deviation 
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Cell wall hydrolyzates 
Endosperm cell walls of ga-1 seeds were isolated and chemically hydrolyzed to 
study the origin of the released sugars. A typical profile of the gas-chro-
matografic analysis of the derivatized hydrolysate is presented in Fig. 1. and 
quantitative calculations of the identified sugars are presented in Tab. 2. 
The polysaccharides of the endosperm cell walls consist mainly of mannose, 
glucose and galactose. Minor quantities of arabinose, rhamnose, ribose, fruc-
tose and two unidentified components were also present in the hydrolysate. 
> 
a: 
Retention time, min 
Fig.l. Gas-chromatographic profile of TMS-derivates of sugars pro-
duced on chemical hydrolysis of ga-1 endosperm cell walls. 2-Deoxy-D-
-glucose was added as an internal standard. 
26 
According to the retention times, these unidentified peaks were not derived 
from xylose. Mannose represented about two third of the amount of sugar units 
in the endosperm cell walls. 
Table 2. Sugar composition of hydrolyzates of endosperm cell walls of 
ga-1 tomato seeds. The values represent the mean + SD of 4 samples, 
in yg.endosperm . 
mannose 40.6 + 2.6 
glucose 12.4 + 1.1 
galactose 2.9 + 0.4 
arabinose 1.2 + 0.3 
ribose 1.1 + 0.2 
fructose 0.8 + 0.2 
rhamnose 0.6 + 0.1 
SD = standard deviation 
Enzyme activity in incubated endosperms 
The activities of three galacto-mannan-hydrolyzing enzymes were analyzed in 
extracts of half endosperms incubated for different periods of time in water 
or 10 pM GA4+?. 
Endo- 3-mannanase activity could not be detected in half endosperms at the 
start of incubation, or during further incubation in water (Fig. 2). Incuba-
tion in GA^ 7 induced activity of the enzyme from 6 h onwards. 
Activity of mannohydrolase was present in low levels at the start of the 
incubation and doubled during 24 h incubation in water (Fig. 3). Incubation of 
the endosperms in GA* 7 induced an about 4-fold stronger increase of the 
activity than in the water control. 
The activity of a-galactosidase was already high at the start of the 
incubation and hardly changed during further incubation in water (Fig. 4). 
Incubation in GA* -, increased the activity with about 20 %. 
Water extracts of endosperms incubated 24 h in 10 yM GAA 7, contained no 
cellulase activity. A commercial cellulase (Yakult Hansha Co., Ltd.) prepara-
tion, incubated under the same conditions, was highly active (data not shown). 
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6 12 18 
Incubation period, h 
Fig. 2. Endo- $-mannanase activity extracted from endosperms after 
incubation in water ( O ) or 10 uH GA4+7 ( • )• Each point represents 
the mean of at least three independent samples. Error bars = SD. The 
incubation time was preceded by 3 h of incubation in water. Activity 
is expressed as a decrease in flow time of the assay mixture in the 
viscosimeter after 30 min. 
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Fig. 3. Mannohydrolase activity extracted from endosperms after 
incubation in water ( O ) or 10 pM GA* 7 ( • ). Each point represents 
the mean of at least three independent samples. Error bars = SD. The 
incubation time was preceded by 3 h of incubation in water. 
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Fig. 4. a-Galactosidase activity extracted from endosperms after 
incubation in water ( O ) or 10 pM GA 4 + 7 ( • ). Each point represents 
the mean of at least three independent samples. Error bars = SD. The 
incubation time was preceded by 3 h of incubation in water. 
Discussion 
The occurrence of re la t i ve ly large quant i t ies of mannose and of smaller quan-
t i t i e s of galactose in the hydrolysate of c e l l wal ls of tomato endosperm (Fig. 
1 , Tab. 2) , i nd i ca tes tha t mannans, poss ib ly galacto-mannans, are the main 
components of these ce l l wal ls . Glucose, that i s also present in considerable 
quant i t ies in the hydrolysate, w i l l or ig inate from cel lulose and possibly also 
from glucose u n i t s in the mannan chains. Galacto-glucan-mannans have been 
found i n the endosperms of species of L i l i a c e a e and I r idaceae (Dea and Mor-
r i son 1975). Fructose i s only a minor component of the c e l l wa l l s (Tab. 2). 
The s u b s t a n t i a l q u a n t i t i e s of f ruc tose tha t d i f f used out of the endosperms 
upon incubat ion in GA. ^ (Tab. 1) , o r i g i n a t e d probably from sucrose, or i t s 
ga lac to lyzed der iva tes such as r a f f i n o s e , s tored i n the cytoplasm of the 
endosperm ce l l s . Hydrolysis of the cytoplasmatic carbohydrates seems also GA-
induced since they do not di f fuse from water-incubated endosperms. Part of the 
glucose and galactose in the d i f f u s a t e may also o r i g i n a t e from t h i s c y t o -
plasmic source. Lack of ce l l u l ase a c t i v i t y a f t e r 24 h incubat ion means t ha t 
the glucose in the d i f fusate does not or ig inate from cel lulose hydrolysis. The 
glucose uni ts did not or iginate from starch hydrolysis, since tomato seeds do 
not conta in s t a r ch , as was conf i rmed by the absence of a blue s t a i n i n g 
reaction w i th ^ K I reagent (data not shown). 
Thus, a l l mannose, par t of the ga lactose, and poss ib ly also a par t of the 
glucose, that i s present in the di f fusate 12 h af ter the s tar t of the incuba-
t i o n , is the resul t of enzymatic hydrolysis of the c e l l wal ls. 
Hydrolysis of galacto-mannans to mannose and galactose requires ac t i v i t y of 
the enzymes endo-3-mannanase, mannohydrolase and a-galactosidase (Reese and 
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Shibata 1965). In tomato an active a-galactosidase could be isolated from the 
endosperms directly from the start of incubation in water (Fig. 4). In water 
also mannohydrolase showed some activity which slightly increased during 
incubation (Fig.3). Nevertheless, a significant release of mannose into the 
incubation liquid did not occur (Tab. 1). Apparently for in situ action the 
enzymes require either GA and/or the availability of proper substrates result-
ing from endo- B-mannanase activity. The last explanation was shown valid for 
lettuce seeds, where mannohydrolase and a-galactosidase are incapable of 
releasing mannose or galactose from native cell walls without prior cleavage 
by endo- 6-mannanase (Bewley et al. 1983). In tomato endosperms endo-3 -
mannanase activity was only detected after incubation in GA^ -, (Fig. 2). 
Application of GA^+^ also resulted in release of galactose and glucose (Tab. 
1). Therefore, the increase in manohydrolase and a-galactosidase activities 
in endosperms incubated in GAA -, may be either due to a direct GA-induced de-
novo synthesis or activation, or - indirectly - to the presence of substrates 
released by endo-0-mannanase. 
The GA* y-induced endo- 3 -mannanase activity occurred in isolated endo-
sperms between 6 and 12 h after the start of incubation (Fig. 2). The first 
signs of endosperm weakening were observed in the same period of time (Chapter 
2). Both endo- 3-mannanase activity and endosperm weakening were absent 
during incubation of the endosperms in water (Fig. 2, Chapter 2). It is 
concluded that the GA-induced endosperm weakening in tomato is mediated by the 
induction of endo- 3-mannanase activity, resulting in a partial digestion of 
the endosperm cell walls. 
In tomato seeds the cell walls of the endosperm not only serve as storage 
food, they also play an essential role in the regulation of dormancy and 
germination. Hydrolysis of the endosperm cell walls starts prior to germina-
tion, resulting in sufficient weakening to permit radicle protrusion. A re-
lation between cell wall-hydrolytic activity (cellulase) and endosperm weaken-
ing was also shown in seeds of Datura ferox (Sanchez et al. 1986). In Datura 
ferox far-red irradiation inhibits both cellulase activity and germination, 
comparable to the inhibition by far-red of endosperm weakening in tomato 
(Groot, S.P.C., unpublished results). 
The regulation of starch mobilization in graminaceous seeds is well doc-
umented (see for a recent review Halmer 1985). However, the hydrolysis of 
starch is a post-germination event (Upadhyaya et al. 1982). Also the hydro-
lysis of galacto-mannans and mannanas in the endosperm of fenugreek and 
lettuce starts after radicle protrusion (Meier and Reid 1982, Bewley et al. 
1983). In fenugreek galacto-mannan breakdown can occur in the absence of the 
embryo, but hydrolysis is strongly stimulated by the presence of the embryonic 
axis or exogenous GAA -, (Reid and Meier 1972, Spyropoulos and Reid 1985). The 
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post-germinative stimulation of Endo- S-mannanase production in lettuce endo-
sperms requires the presence of both the embryonal axis, or exogenous GA, and 
the cotyledons (Halmer and Bewley 1979). 
The present experiments with the GA-deficient tomato mutant demonstrate the 
induction and increase, by GA of cell wall-hydrolizing enzyme activities in 
endosperm cells as a requirement for radicle protrusion. 
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Chapter 4 
The role of endogenous gibberellin in seed and fruit development of tomato: 
studies with a gibberellin-deficient mutant. 
In collaboration with 3. Bruinsma and C M . Karssen. 
The text of this chapter is submitted as a paper to Physiologia Plantarum. 
Abstract 
The r o l e o f endogenous g i b b e r e l l i n (GA) i n seed and f r u i t deve lopmen t was 
s tud ied w i t h the use of the GA-de f i c i en t ga-1 mutant o f tomato. F lowers o f the 
ga-1 mutant are abnormal and s t e r i l e , but par thenocarp ic f r u i t development i s 
obse rved o c c a s i o n a l l y on t h e d w a r f p l a n t s . A s i n g l e a p p l i c a t i o n o f GA* -, 
r es to res the f e r t i l i t y o f the mutant f l o w e r s and r e s u l t s i n seed s e t . Develop-
ment o f GA-producing and GA-de f i c i en t seeds i n GA-de f i c i en t f r u i t s was com-
pa red by p o l l i n a t i o n o f g a - l / g a - 1 f l o w e r s w i t h w i l d - t y p e o r g a - 1 p o l l e n , 
r e s p e c t i v e l y . I n g a - l / g a - 1 seeds d e h y d r a t i o n s t a r t s abou t one week e a r l i e r 
than i n G a - l / g a - 1 seeds. U l t i m a t e f r e s h and dry we igh ts o f mature G a - l / g a - 1 
seeds are h igher than those of g a - l / g a - 1 seeds and show negat ive c o r r e l a t i o n s 
w i t h t h e t o t a l number o f seeds per f r u i t . T o t a l c o n t e n t and c o m p o s i t i o n o f 
seed p r o t e i n s a re n o t i n f l u e n c e d by t h e G A - d e f i c i e n c y . G e r m i n a t i o n o f t h e 
mature seeds depends on embryonal GA syn thes i s and i s not i n f l uenced by mater -
n a l GA p r o d u c t i o n . F i n a l f r e s h w e i g h t o f t h e g a - l / g a - 1 f r u i t s i s p o s i t i v e l y 
c o r r e l a t e d w i t h t h e number o f seeds per f r u i t . I n t hese f r u i t s , t h e min imum 
number o f seeds f o r growth above the par thenocarp ic l e v e l i s about 10 or 35 i n 
the presence o f G a - l / g a - 1 or g a - l / g a - 1 seeds, r e s p e c t i v e l y . F r u i t s c o n t a i n i n g 
G A - p r o d u c i n g seeds reach a h i g h e r f r e s h w e i g h t t h a n t h o s e c o n t a i n i n g GA-
- d e f i c i e n t seeds, and t h e i r r i p e n i n g i s delayed by one week. I t i s concluded 
t h a t g i b b e r e l l i n i s ind ispensab le f o r the development o f f e r t i l e f l o w e r s and 
f o r seed g e r m i n a t i o n , b u t o n l y p r o m o t i n g i n l a t e r s t a g e s o f f r u i t and seed 
development. 
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Introduction 
Immature seeds are r i c h sources of g i b b e r e l l i n s (GAs) and have been used i n 
many studies concerning quant i f icat ion and characterizat ion of endogenous GAs 
(see Khan 1982, MacMillan 1984, Pharis and King 1985 for recent reviews). In 
fac t , a great deal of our knowledge about GA-biosynthesis and metabolism i s 
der ived from s tud ies w i t h immature seeds (e.g., Sponsel 1985) or c e l l - f r e e 
systems derived from them (e.g., Graebe et a l . 1980). 
Various suggestions have been made about the role of endogenous GAs during 
seed development: (1) GAs are required for growth and development of the seed, 
(2) f r u i t growth and development i s control led by GAs derived from seeds, (3) 
GAs in teract wi th other plant hormones to regulate seed growth and develop-
ment, and (4) GAs or GA-conjugates produced dur ing development serve as 
storage forms to be u t i l i z e d dur ing germinat ion and growth (Karssen 1982a, 
Khan 1982). These suggestions are mainly based on correlat ions between changes 
i n GA- l ike a c t i v i t y , mostly determined by b io-assay, and c e r t a i n phases of 
seed development (e.g., Sponsel 1980, Barendse et a l . 1968). Care must be 
taken, however, s ince not a l l GAs tha t are ac t i ve i n c e r t a i n bioassays are 
also physiological ly act ive in seeds. Moreover, the molecular forms of the GAs 
that are present in the seeds vary considerably, even between related species 
(Sponsel 1980). I t has also to be taken i n t o account tha t almost a l l quan-
t i t a t i v e and q u a l i t a t i v e de terminat ions were performed w i t h whole seeds, 
neglecting possible differences in concentration and sens i t i v i t y between seed 
par ts . 
A regu la to ry r o l e of endogenous GAs i n seed development was doubted by 
Zeevaart (1966). He sprayed p lan ts of P h a r b i t i s n i l at anthesis w i t h c h l o r -
mequat, which resulted in a decrease of GA-like a c t i v i t y to almost undetect-
able l e v e l s . Nevertheless, no e f f e c t on seed growth was observed. An a l t e r -
native approach i s the modif icat ion of endogenous GA levels by genetic means. 
Mostly, GA deficiency i s looked for among mutants wi th dwarfed shoot growth. 
Complete phenotypic revers ion by GA app l i ca t i ons and the demonstrat ion of 
lesions for a l l or for certa in speci f ic GAs are essential addi t ional c r i t e r i a 
to ident i fy dwarfs as GA-deficient mutants (Hedden and Phinney 1979, Potts and 
Reid 1983). In tomato and Arabidopsis thal iana, GA-deficient mutants have been 
isolated by select ing for seeds that do not germinate without an appl icat ion 
of GAs (Koornneef and Van der Veen 1980, Koornneef et a l . 1981, Karssen et a l . 
1987). The seedl ings tha t develop from GA-treated mutant seeds show dwarf 
growth which can be reverted to normal growth by GA sprays. 
Recently Barendse et a l . (1986) used GA-def ic ien t Arabidopsis mutants to 
study the ro le of endogenous GAs during f r u i t and seed development. They found 
no in f luence of the GA-def ic iency on seed growth. The ra te of f r u i t g rowth , 
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however, was clearly influenced by GAs originating from both maternal and 
embryonic tissues. 
In this paper the role of GAs during seed development was studied using the 
GA-deficient ga-1 mutant of tomato (Koornneef et al. 1981, Groot and Karssen 
in press). The GA-biosynthetic pathway in this mutant is blocked prior to ent-
kaurene and GAs could not be detected by the maize-d5 bioassay in either 
shoots or immature fruits (Zeevaart 1984, see Fig. 2 in Chapter 1). 
Material and methods 
Plant material 
Seeds of wild-type tomato, Lycopersicon esculentum Mill., cv. Moneymaker, and 
of the GA-deficient mutant ga-l/ga-1 in this genetic background, were supplied 
by Professor J.H. Van der Veen, Department of Genetics, Agricultural Universi-
ty Wageningen. Mutant seeds were germinated in a Petri dish with 10 uM GA^+y 
(mixture of GA^ and GA7, a gift of ICI, UK). After germination, the seedlings 
were planted in pot soil and cultivated in the greenhouse at a minimum tem-
perature of 21 °C during the photoperiod and 19 °C at night. The photoperiod 
was maintained at 16 h by additional illumination from high-pressure mercury 
halide lamps (Philips HPI/T) at 18 W.m-2. 
Seedlings and plants were sprayed once a week with about 2 ml 10 yM GA* -, 
on the top of each plant, to stimulate development of normal flowers. Self-
pollination of the flowers was stimulated by vibration. Crosses were made by 
emasculation of the flowers before opening of the corolla, immediately fol-
lowed by pollination with Ga-1 or ga-1 pollen. Self-pollinations and crosses 
were performed at the same plants, pollinated flowers being tagged. Fruits and 
seeds were sampled at different moments after pollination. 
Fresh and dry weight determinations 
Seed fresh weight was determined on samples of 20 seeds that were removed from 
the fruits and briefly blotted with filter paper. Dry weight was determined 
after drying the seeds during 1 h at 130 "C. 
Protein determinations 
For determination of total protein content, samples of 10 developing seeds 
were ground in a cold mortar with 4 ml 50 mM KHoPO*, pH 7.5, containing 1.5 mM 
NaCl. After 1 h at 4 °C, the extract was centrifuged in a microfuge (Eppen-
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dor f , FRG) at 15,600 x g. The p ro te i n content i n the supernatant was de-
termined according to Bradford (1976), using bovine gamma g l o b u l i n (Biorad 
laborator ies, FRG) as a standard. 
Also for qua l i ta t i ve protein determinations samples of 10 seeds were ground 
in a cold mortar wi th 4 ml extract ion buffer. This buffer consisted of 65 mM 
Tris-HCl, pH 6.8, 2% SDS, 10% glycine, and 2.5% 2-mercaptoethanol (v/v). After 
4 h at 4 °C, the ex t rac t was cen t r i f uged in the microfuge. The r e s u l t i n g 
supernatant was mixed with an equal volume of sample buffer, 62.5 mM Tr is , pH 
6.8, 2% SDS, 10% 2-mercaptoethanol , 5% g l yce ro l (v /v) and some bromophenol 
blue. The samples were heated and analyzed in 13% polyacrylamide gels contain-
ing 0.1% SDS (SDS-PAGE) (Laemmli 1970). A f te r e lec t rophores i s , gels were 
s ta ined w i t h 0.25% (w/v) Coomassie B r i l l i a n t Blue in methanol :acet ic a c i d : 
water (5:1:4, v/v) and destained in methanol:acetic acid:water (5:7:88, v/v) . 
Germination experiment 
Seeds were imbibed in water, i r rad iated for 1 day with in termi t ten t red l i g h t , 
followed by an incubation at 2 °C for a period of 5 days. After th is dormancy-
breaking treatment, seeds were incubated in water at 26 °C in the dark for 7 
days. Seeds that had not germinated in water were further treated with 10 uM 
GA4+?. 
Results 
On dwarf ga-1 plants no normal f lowers were formed. Flower buds developed, but 
f lower development stagnated, par t i cu la r l y in the corol la and stamen, and buds 
f i n a l l y aborted. A single spray with 10 uM GA^  -,, applied on the newly formed 
buds, was su f f i c ien t to complete f lower development; f r u i t s and seeds deve-
loped upon f e r t i l i z a t i o n w i thou t r equ i r i ng an addi t ional GA spray. Occasio-
na l l y , f r u i t development was observed on dwarf ga-1 plants without appl icat ion 
of GAs (Fig. 1). These f r u i t s were parthenocarpic, due to the s t e r i l i t y of the 
ga-1 f lowers. 
In w i l d - t y p e tomato GAs are produced i n d i f f e r e n t p lan t pa r t s . In t h i s 
s tudy, we concentrated on the r o l e of seed-produced GA w i t h regard to f r u i t 
and seed development. Therefore the development of GA-producing Ge- l /ga -1 
seeds and GA-deficient ga- l /ga-1 seeds was compared in ga- l /ga-1 f r u i t s . The 
seeds were ra ised by p o l l i n a t i o n of g a - l / g a - 1 f l owers w i t h Ga-1 and ga-1 
pol len, respectively. Since both types of seeds developed s imul taneously on 
the same mother p lant , differences of environmental factors were excluded. 
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F i g . 1 . Mature g a - l / g a - 1 f r u i t which had developed on a dwarf GA-
def ic ient plant of about 1 year o ld , without appl icat ion of exogenous 
GAs. The parthenocarpic f r u i t had ripened normally. Ruler i s in cm. 
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Fruit development 
Ripening of the g a - l / g a - 1 f r u i t was delayed by the presence of Ga- l / ga -1 
seeds. The orange-red colour appeared af ter eight weeks, one week la te r than 
wi th the f r u i t s without GA-producing seeds (data not shown). The seed genotype 
also in f l uenced the u l t i m a t e f resh weight of the g a - l / g a - 1 f r u i t s (F ig . 2). 
F ru i t weight depended on the number of seeds per f r u i t . When Ga-l/qa-1 seeds 
were present f r u i t weight strongly increased from a number of about 10 seeds 
per f r u i t . With g a - l / g a - 1 seeds t h i s c r i t i c a l number was about 35 seeds; 
moreover, the increase in f r u i t weight was smaller. 
Number of seeds.fruit" 
F i g . 2. Fresh weight of r ipe f r u i t s in re la t ion to the logarithm of 
the number of seeds per f r u i t . The f r u i t s developed on g a - l / g a - 1 
p lan ts and contained e i t h e r GA-def ic ient g a - l / g a - 1 (A ) or GA-syn-
thet iz ing Ga-l/ga-1 (A ) seeds. 
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Seed development 
The number of seeds that developed in ga-l/ga-1 fruits was low following 
pollination of emasculated flowers with either ga-1 or Ga-1 pollen, 50 to 60 % 
of the fruits contained less than 40 seeds. When qa-l/ga-1 flowers were self-
pollinated, about 50 % of the fruits contained 75 seeds or more. Evidently, 
emasculation and/or artificial pollination reduced seed set. The development 
of qa-l/qa-1 fruits and seeds resulting from either self-pollination or ar-
tificial pollination with ga-1 pollen was equal in every respect. 
Fresh and dry weights were compared during seed development of both geno-
types (Fig. 3). The seeds were collected at random from fruits containing 
different numbers of seeds. Fresh weight was clearly influenced by the genetic 
constitution of the seeds, ga-l/ga-1 seeds reached a lower maximum fresh 
weight than Ga-l/ga-1 seeds and started to dehydrate earlier. Dry weight of 
30 40 50 
Days after pollination 
60 
F i g . 3. Courses of f resh ( A , A) and dry (OtO) weights dur ing 
development of Ga- l /ga -1 ( • , • ) and g a - l / g a - 1 ( A , 0 ) seeds on GA-
def ic ient ga- l /ga-1 motherplants. 
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these randomly collected seeds of both genotypes, developed at a similar rate 
and dry matter accumulation continued during dehydration of the seeds (Fig. 
3). 
The earlier dehydration of ga-l/ga-1 seeds was reflected in an earlier 
firmness of endosperm cells and an earlier collapse of testa cells (Table 1). 
Table 1. Morphological characteristics of ga-l/ga-1 and Ga-l/ga-1 
seeds, developing in ga-l/ga-1 fruits-
seed genotype 
age in 
dap 
21 
28 
35 
A2 
49 
56 
qa-l/ga-1 Ga-l/ga-1 
testa endosperm embryo testa endosperm embryo 
partly soft-
thin dough 
thin firm 
thick milky torpedo 
thick mucous curved 
curled 
curled 
thin firm curled 
thin firm curled 
thick 
thick 
partly 
thin 
partly 
thin 
thin 
thin 
milky 
mucous 
soft-
dough 
soft-
dough 
firm 
firm 
torpedo 
curved 
curled 
curled 
curled 
curled 
The endosperm cells developed from a milky appearance via a mucous and a soft-
dough constituency to a firm and relative dehydrated stage. This final stage 
was reached in ga-l/ga-1 seeds at 42 dap and in Ga-l/ga-1 seeds at 49 dap. The 
testa develops from maternal integument cell layers and, therefore, lacked the 
capacity to produce GAs in both genotypes. At 21 dap the cells of the outer 
epidermis of the outer integument were elongated and the testa formed a thick 
layer around endosperm and embryo. Gradually the testa cells collapsed because 
their cell walls disappeared and only secondary thickenings on the walls 
remained as hairs. The collapse of the testa cells started at the placental 
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base of the seeds at 35 dap and was completed at 42 and 49 dap i n g a - l / g a - 1 
and Ga-l/ga-1 seeds, respectively. Embryo development was not v i s ib l y affected 
by the lack of GA product ion . In both genotypes embryos developed from a 
torpedo shape at 21 dap v ia a U-shaped (curved) form to the f i n a l , cu r led 
appearance. 
Final fresh and dry weights of mature seeds of both genotypes were compared 
i n r e l a t i o n to the number of seeds per f r u i t (F ig . 4) . Dry and f resh weights 
of Ga- l / ga -1 seeds were h igher than those of g a - l / g a - 1 seeds. The weight of 
mature seeds showed a negative corre lat ion with the number of seeds per f r u i t . 
n 
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Number of seeds.fruit" 
F i g . 4 . Fresh weights ( A , A) and dry weights (9,0) of mature 
seeds in re la t ion to the logarithm of the number of seeds per f r u i t . 
The Ga- l /ga -1 ( A , # ) and g a - l / g a - 1 ( A , O) seeds developed on GA-
def ic ient ga- l /ga-1 motherplants. 
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319 + 6 
349 + 11 
437 + 5 
494 + 20 
501 + 20 
320 + 31 
377 + 8 
465 + 4 
502 + 17 
536 + 37 
499 + 14 
Table 2. Changes in protein content during development of ga-l/ga-1 
and Ga-l/ga-1 seeds in ga-l/qa-1 fruits (n=3). Protein content is 
expressed as equivalents of bovine gamma globuline standard. 
protein content, mg.g dry weight" (+ SD) 
developmental 
stage, dap ga-l/ga-1 Ga-l/ga-1 
21 
28 
35 
42 
49 
56 
SD = standard deviation 
Ga-l/ga-1 and ga-l/ga-1 seeds showed no difference in total protein content 
during seed development (Tab. 2). Extracts of mature seeds of both genotypes 
showed also no qualitative difference in the major protein bands on SDS-PAGE 
(Fig. 5). 
Germination 
Germination of GA-deficient ga-l/qa-1 seeds depends on the application of GAs, 
whereas wild-type seeds germinate in water (Groot and Karssen in press). It 
was studied whether the germination characteristics of the seeds depended on 
the genotype of the embryo and endosperm, or were influenced by the maternal 
tissues. GA-deficient and GA-producing seeds were raised in fruits of both 
genotypes, by self-pollination of Ga-l/Ga-1, ga-l/ga-1 and Ga-l/ga-1 
plants and by the cross ga-l/ga-1 x Ga-l/Ga-1 (Table 3). 
Ga-l/ga-1 seeds always germinated in water, also when the mother plant was 
GA-deficient. Germination of seeds with a GA-deficient embryo absolutely 
depended on the application of GA4+7, irrespective of the genotype of the 
mother plant. Thus, germination characteristics are exclusively determined by 
the genotype of the embryo. 
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Ga-1 ga-1 
Q 
DC 
•3 
o 
O 
67— 
43— 
30— 
20.1— 
14.4-
F i g . 5. SDS-PAGE pa t te rn of polypept ides ex t rac ted from 
mature ga- l /qa-1 (ga-1) or wi ld-type (Ga-1) seeds, developing 
in ga- l /qa-1 f r u i t s . 
The segregat ion between normal and dwarf seedl ings in the o f f s p r i n g of 
se l f -po l l ina ted Ga-l/ga-1 plants approached a 3 : 1 ra t i o . I t shows that ga-1 
p o l l e n and ovules are completely f e r t i l e upon development i n GA-producing 
f lowers, without the need for appl icat ion of GAA -,. 
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Table 3. Germination of seeds derived from se l f - po l l i na t i on of e i ther 
homozygous wildtype (Ga-l/Ga-1), mutant (ga - l /ga -1 ) or heterozygous 
(Ga- l /ga-1) p l a n t s , or from the cross g a - l / g a - 1 ( § ) * Ga- l /ga -1 
(Cf). Seeds were imbibed in water, i r rad ia ted for 1 day under i n t e r -
mit tent red l i g h t , followed by an incubation at 2 °C for a period of 
5 days. After th is dormancy-breaking treatment, seeds were incubated 
i n water at 26 °C i n the dark f o r 7 days. Seeds tha t had not ger -
minated in water were further treated with 10 yM GA* -,. 
parent(s) 
Ga-l/Ga-1 Selfing 
ga-l/ga-1 Selfinq 
qa-l/qa-1 x Ga-l/Ga-1 
Ga-l/ga-1 Selfing 
progeny 
Ga-l/Ga-1 
qa-l/qa-1 
Ga-l/ga-1 
Ga-l/Ga-1 
Ga-l/ga-1 
qa-l/qa-1 
phenotype 
seedling 
normal 
dwarf 
normal 
normal 
dwarf 
unknown (died) 
germinat 
water 
145 
0 
144 
185 
0 
8 
ion in 
GA4+7 
0 
150 
0 
0 
53 
2 
not 
germinated 
5 
0 
6 
2 
total 
15D 
150 
150 
185 a 
53 a 
12 
X2(normal:dwarf = 3:1) = 0.947, dF = 1 , p = 0.33. 
Discussion 
The present study c l e a r l y shows tha t the e f f e c t of GA-def ic iency s t rong l y 
d i f f e r s during the subsequent phases of the generative development in tomato. 
Whereas f lower f e r t i l i t y and seed germination were completely blocked in the 
absence of endogenous GA, the growth of seeds and f r u i t s s t i l l proceeded. 
Occas ional ly , spontaneous parthenocarpic f r u i t development occurred on ga-1 
p lan ts (F ig . 1) . 
The poor development of c o r o l l a and stamen i n GA-less f lowers was also 
observed in GA-deficient Arabidopsis plants (Koornneef and Van der Veen 1980). 
Nester and Zeevaart (1986) recently reported a s imi la r i nh ib i t i on of f lower 
development in the GA-deficient ga-2 mutant of tomato. They observed aberra-
t ions during pol len and ovule development, resul t ing in both male and female 
s t e r i l i t y . GAs have been associated wi th the development of both female and 
male reproduct ive s t r u c t u r e s . Appl ied GA? stimulates p i s t i l development i n , 
e.g., castor bean, maize and Hyoscyamus, and promotes stamen development i n 
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flowers of Bryophyllum, Cannabis, Cucumis and tomato (Pharis and King 1985). 
Association of abnormal stamen development with reduced levels of endogenous 
GAs was also found with the stamenless-2 tomato mutant (Shawney 1974). Normal 
stamen development in the stamenless-2 mutant can be achieved by application 
of GA-j to the mutant flowers (Sawney and Greyson 1973). Our observations show 
that either maternal GA production or a single spray with GA4.7 resulted in 
the development of fertile ga-1 pollen and ovules in Ga-l/ga-1 and ga-l/ga-1 
flowers, respectivily (Tab. 3). GA-dependent development of the corolla, 
observed in the ga-1 mutant, has also been shown for flowers of Lamium 
amplexicaule. The corollas of these flowers failed to grow when immature buds 
were cultivated in the absence of GA (Lord and Mayers 1982). 
Development of GA-deficient seeds and fruits occurred after a single spray 
on the flower bud with GA* -,. The observed development of small parthenocarpic 
fruits on ga-1 plants without a GA spray (Fig. 1) proves that GAs are not 
absolutely required for tomato fruit development. Because of the sterility 
of the flowers, seed set could not occur without a spray of GA^.7. The present 
experiments do not exclude that the very early phase of seed development 
occurred with the aid of residual amounts of GAs, which remained after the 
flower-inducing spray with GA« y. A requirement for GAs during the very early 
phase of embryo development was reported for Phaseolous coccineus (Cionini et 
al. 1976). In vitro culture of young embryo's of P. coccineus, excised at the 
heart-shape or early cotyledonary stages, needed the presence of either the 
GA-rich suspensor or of exogenous GAj, whereas in later stages application of 
GA-j could be omitted. 
An effect of residual GAA -, on the later stages of ga-1 seed development is 
most unlikely, the stimulation of elongation growth by a GA* -, spray in the 
ga-1 mutant lasts about one week. Complete seed development occurred after a 
single spray. If the same plant was sprayed with GA* -, at subsequent oc-
casions to initiate normal development of the younger flower buds, the de-
veloping fruits were shielded. Moreover, we observed no differences between 
seeds and fruits developing due to the first or the last spray in a sequence 
of weekly applications of GA* 7. If exogenous GAs accidentally should have 
entered the developing fruits, it is expected that they primarily should 
replace maternal GAs. An effect of maternal GA is seen when the growth of 
seedless fruits in wild-type Moneymaker, as studied by Varga and Bruinsma 
(1976), is compared with the GA-deficient fruits in the present study (Fig. 
2). Average fresh weights of parthenocarpic fruits were 40 and 10 g, respect-
ively. It can therefore be excluded that exogenous GAs accidentally influenced 
the growth of the GA-deficient fruits in our experiments. 
Although tomato fruits and seeds grew in the absence of endogenous GAs, 
they developed better when GAs were produced. This was not only true for the 
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stimulation of parthenocarpic frui t growth by maternal GA, but also for fruit 
and seed development under influence of seed-produced GA. Halfway development, 
the GA-containing seeds reached a considerably higher fresh weight than the 
de f ic ien t seeds (Fig. 3). Only when the f ina l fresh and dry weights of the 
seeds were expressed in relation to number of seeds per frui t i t was seen that 
Ga-l/ga-1 seeds became heavier than ga-l/ga-1 seeds (Fig. 4). These ultimately 
higher dry and fresh weights may be connected with the extended developmental 
period (Tab. 1), allowing prolonged dry-matter accumulation and retarded 
dehydration. At higher numbers of seed per f r u i t , the weight per seed de-
creases (Fig. 4), apparently by increasing competition for the limited supply 
of nutr ients . 
Barendse e t a l . (1986) studied seed development in Arabidopsis tha l i ana 
using GA-deficient l ines. They observed no effect of maternal or embryonal GA 
on the weight of mature seeds. However, in their experiments seeds were col-
lected at random from frui ts with different numbers of seeds per f ru i t , as in 
our Fig. 2. 
Endogenous GAs had no influence on total protein content per g dry weight 
during seed development (Tab. 2). Also no quali tat ive differences in the most 
abundant p ro te ins were observed (Fig. 5). These major protein bands most 
l ikely represent storage proteins since they disappear a f te r germination of 
the seeds (unpublished resul ts) . The method used was not sufficiently d i sc r i -
minating to elucidate possible influences of endogenous GA on the occurrence 
of less abundant proteins. 
Fruit ripening occurred in the absence of both maternal and embryonal GA 
(Fig. 1). But in the presence of Ga-l /ga-1 seeds development of g e - l / g a - 1 
f ru i ts lasted about one week longer than with GA-deficient seeds. Inhibition 
of ripening by applied GAs has been described for frui ts of several species 
(review by McGlasson et al . 1978). Treatment of tomato f ru i ts with GA3 delayed 
both the loss of chlorophyll and the increase of carotenoids (Abdal-kader et 
a l . 1966, Dostal and Leopold 1967, Khudari 1972). We report here for the f i r s t 
time a role of endogenous GA in fruit ripening. Our resul ts indicate that the 
effect of applied GAs on tomato f r u i t r ipening r e f l e c t s the role of endoge-
nous, seed-produced GA during the las t period of fruit development. 
Varga and Bruinsma (1976) reported that in tomato cv. Moneymaker the u l t i -
mate fresh weight of the f r u i t s show a logar i thmic r e l a t i o n s h i p with the 
number of seeds per f r u i t , provided the f r u i t s contained more than 8 seeds. 
With fewer seeds per f r u i t , f r u i t weight hardly surpassed the 40 g of the 
average partenocarpic f rui t . A similar relationship was found in the ga-l/ga-1 
f r u i t s containing Ga-l /ga-1 seeds (Fig. 2), a l b e i t tha t f r u i t weight was on 
the average 30 g lower than in wild-type f rui ts . Varga and Bruinsma concluded 
that fruit growth profited indirectly from the sink activity exerted by i t s 
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developing seeds. The present data suggest that the sink a c t i v i t y i s related 
to the a b i l i t y of the seeds to produce GA. In GA-def ic ient seeds the s ink 
ac t i v i t y i s much lower, therefore f r u i t growth i s only stimulated above the 
parthenocarpic level wi th more than 35 seeds per f r u i t (Fig. 2). 
Germination of ga- l /ga-1 seeds completely depended on appl icat ion of GAs, 
i r respect ive whether the seeds had developed in GA-deficient or GA-producing 
f r u i t s (Table 3). Thus maternal GA had ne i the r d i r e c t l y , by accumulat ing i n 
free or bound form in the seeds, nor i nd i rec t l y an effect on the germination 
capacity of the seeds. Germination apparently requires embryo-synthesized GA. 
In conclusion, endogenous GA stimulates the development of f r u i t s and seeds 
of tomato, but the i r presence i s not indispensable except, perhaps, immediate-
l y af ter f e r t i l i z a t i o n . In contrast, the development of f e r t i l e f lowers and 
the germinat ion of seeds are abso lu te ly dependent on the presence of endo-
genous GA. 
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Chapter 5 
The role of endogenous abscisic acid in seed development of tomato: Studies 
with an abscisic acid-deficient mutant. 
In collaboration with R. Dijkman, E. Vermeer, I.I. van Yperen and CM. Karssen. 
Abstract 
The role of endogenous abscisic acid (ABA) in seed development was studied 
with the use of the ABA-deficient sitw mutant of tomato. The sitw mutation 
causes a strong reduction of the endogenous ABA level in the developing seed. 
Reciprocal crosses of wild type and the sitw mutant show a dual origin of 
ABA. The genotype of the mother plant regulates the ABA content present in the 
testa which shows a peak half-way seed development. The genotype of the embryo 
and endosperm is responsible for a second ABA fraction, present in these tis-
sues. This second fraction reaches its peak during the second half of seed 
development. 
The strong reduction of endogenous ABA level in the developing sitw/sitw 
seed does not change the final fresh and dry weights of the seed nor the 
accumulation and composition of storage proteins. The onset of dormancy 
depends on endogenous ABA, particularly on the fraction in embryo plus endo-
sperm, the influence of maternal ABA is minor. Non-dormant sitw/sitw seeds do 
not germinate precociously within the fruit, but viviparous germination of 
sitw/sitw seeds is observed when ripe fruits remain attached to the mother 
plant. The absence of vivipary in wild-type seeds is primarily a function of 
osmotic control by the fruit. 
49 
Introduction 
Developing seeds accumulate ABA in large quantities, but temporary. Upon matu-
ration of the seeds the ABA content generally decreases (Bewley and Black 
1978, King 1982). It has been suggested that endogenous ABA plays a role in 
the increase of the sink activity of the developing seeds (Dewdney and Mcwha 
1979, Tietz et al. 1981, Ackerson 1984a), in the stimulation of synthesis of 
specific storage proteins (Triplett and Quatrano 1982, Schroeder 1984, Bray 
and Beachy 1985), in the dehydration at the end of development (King 1976) and 
in the prevention of precocious germination (Ackerson 1984b). All these sug-
gestions were based on correlations between changes in the endogenous ABA 
level and certain developmental or physiological events, or on the effect of 
applications of ABA to developing seeds. However, such correlations may not be 
causal and the responses to externally applied ABA may not imitate those 
elicited by changes in endogenous levels. Moreover, most of these studies were 
carried out in vitro with isolated seeds or seed parts. 
In a limited number of species endogenous ABA levels have been manipulated 
by genetic means. It has been shown in Arabidopsis thaliana with the use of 
mutants with strongly reduced levels of endogenous ABA or with a reduced 
sensitivity to exogenous ABA, that seed dormancy is induced during seed de-
velopment by embryonal ABA (Karssen et al. 1983, 1987, Karssen and tagka 
1986). 
ABA deficiency is always accompanied by severe water loss of the mutant 
plant in reaction to water stress (Koornneef 1986). This is probably the 
reason why mutants totally devoid of ABA have not been described so far, they 
would be so seriously impaired that the mutation probably would be lethal. 
Mutants with reduced ABA levels were induced and isolated in Arabidopsis 
thaliana (Koornneef et al. 1982), maize (Smith et al. 1983), potato (Quarrie 
1982) and pea (Wang et al. 1984). Three different ABA-deficient tomato 
mutants, notabilis (not), flacca (flc) and sitiens (sit), were isolated by 
Stubbe (1957, 1958, 1959). Another tomato mutant at the sitiens locus (sitw) 
was isolated by Van der Veen and Bosma (Koornneef et al. 1985). The sitw 
mutation was obtained by selecting for wiltiness among the offspring of ethyl-
methanesulphonate-treated seeds of the tomato cv. Moneymaker (Koornneef et al. 
1985). The ABA level in turgid leaves of sitw plants is about 10% of that in 
turgid leaves of the wild type cv. Rheinlands Ruhm; water-stressed mutant 
leaflets do not accumulate ABA, in contrast to wild type (Cornish and Zeevaart 
1985). As a result stomata do not close and the plants wilt rapidly under 
water stress. Since sitw is a recessive mutation, heterozygous plants are 
phenotypically similar to wild-type plants. 
So far the tomato mutants have been mainly used in studies on ABA bio-
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synthesis and on the relationship between ABA and stomatal behaviour and water 
stress (Bowman et al. 1984; Tal and Nevo 1973; Neil and Horgan 1985; Cornish 
and Zeevaart 1985). In the present experiments the ABA-deficient sitw mutant 
was used to study the presence and the role of ABA in the development of 
tomato seeds. The development of homozygous ABA-deficient seeds was compared 
with heterozygous ABA-producing 5it/sitw seeds, both developing in sitw 
fruits. The seeds were obtained by pollination of sitw flowers with sitw or 
wild-type pollen, respectively. 
Material and Methods 
Plant material and culture 
Seeds of wild-type tomato Lycopersicon esculentum Mill., cv. Moneymaker (Sit) 
and the ABA-mutant sitw were supplied by prof. Van der Veen, Department of 
Genetics, Agricultural University, Wageningen. Plants for seed production were 
cultivated under two different conditions. For developmental studies, plants 
were cultivated in a heated greenhouse on hydroponic culture. The nutrient 
solution was based on the universal nutrient solution of Steiner (1969), and 
consisted of tap water with 882 mg CadMOj^^h^O, 444 mg KN03, 134 mg KH2Pn4, 
473 mg MgS04.7H20, 154 mg K2S04 and 30 yl concentrated H2S04 per liter. The 
solution was supplemented with iron chelate and micro elements: 19.2 mg FeNa-
EDTA, 2.69 mg H3BO3, 506 yg ZnS04.7H20, 78 yg CuS04.5H20, 126 yg Na2Mo04.2H20 
per liter. The nutrient solution was changed about every 3 weeks. 
Minimum temperature in the greenhouse was 21 "C during the day and 19 °C 
during the night. The photoperiod was maintained at 16 h by additional illu-
mination from high-pressure mercury halide lamps (Philips HPI/T) at 18 W.m . 
Self-pollination of the flowers was stimulated by vibration. Crosses were made 
by emasculation of the flowers before opening of the corolla, immediately 
followed by pollination with Sit or sitw pollen. Self-pollinations and crosses 
were performed on the same plants, pollinated flowers being tagged. Seeds were 
sampled at different moments after pollination. 
Seeds used in germination experiments were produced either under conditions 
described above (condition 1), or from plants cultivated on soil in a non-
heated greenhouse under natural summer conditions, whereby the older leaves 
below the clusters with ripe fruits were removed regularly (condition 2). 
Under this latter condition sitw plants were sprayed once or twice a week with 
about 2 ml 10 yM ABA to reduce wilting. 
Seeds used for germination experiments were isolated from ripe fruits and 
incubated in 1% HC1 for 1 h to remove the remnants of the mucilagenous locular 
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tissue. Thereafter the seeds were rinsed with tap water, dried at room tem-
perature and stored in closed plastic containers in a refrigerator at 7 °C 
until use. Comparison between wild type and mutant always occurred with seed 
lots from the same harvest date. 
Gas chromatographic ABA determination 
Triplicate samples of seeds or seed parts were weighed and frozen in liquid 
nitrogen. The seeds were ground in a mortar and extracted overnight in 1 ml 
80S methanol containing 10 ntg.l 2,6-di-t-4-butylmethylphenol (BHT). The 
extract was centrifuged and the pellet washed twice with 808S methanol. The 
combined supernatants were passed through a Millipore AP 25 prefilter and a 
Sep Pak C18 cartridge (Waters Ass.) to remove insoluble and apolar components. 
The filtrate was evaporated to dryness at 40 °C under a stream of charcoal-
washed air. The residue was taken up in 200 lil ethylacetate and mixed with 
200 pi 0.1 M phosphate buffer (pH 3). After centrifugation the ethylacetate 
phase was transferred to a 1 ml glass vial. The remaining buffer was again 
partitioned against 200 yl ethylacetate. The second ethylacetate phase was 
combined with the first one. The ethylacetate was removed by a stream of air 
at room temperature and the residue dissolved in 100 pi methanol containing 
2,3,5-tri-iodobenzoic acid (100 yg.l ) as an internal standard for the gas-
chromatographic determination. The sample was methylated by adding 200 yl 
diethylether with diazomethane. After methylation the sample was dried again 
under a stream of air and redissolved in 100 yl ethylacetate. 
From this sample 2.5 yl was injected in a Perkin Elmer 8320 gas chromato-
graph equipped with an electron capture detector and an internal integrator. A 
CP Sil 5CB fused silica WC0T column was used, length 50 m, inner diameter 0.32 
mm, film thickness 0.13 ym. The split valve was opened after 0.75 min and 
after 3 min at 80 °C the oven was heated to 140 °C with a rate of 30 "C.min , 
after 4 min at 140 °C the oven temperature was increased to 200 °C with a rate 
of 5 "C.min" and kept at that temperature for 19 min. The injector tem-
perature was 275 °C and the inlet pressure of the carrier gas, helium, was 85 
kPa, resulting in a linear gas velocity of 0.27 m.s . The detector tem-
perature was 350 °C. Recovery was determined with the use of C-ABA that was 
added to the first extraction medium. It was shown to be at least 95%. 
Fresh and dry weight determinations 
From individual, mature fruits 20 seeds were removed and briefly blotted on 
filter paper. Fresh and dry weights of the samples were determined by weigh-
ing, to 0.1 mg, the seeds in little vials before and after oven-drying at 
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130 °C during 1 h. 
Protein determinations 
For determination of total protein content samples of 10 developing seeds were 
ground in a cold mortar with 4 ml buffer of 50 mM KHOPOA, pH 7.5, containing 
1.5 mM NaCl. After 1 h at 4 'C, the extract was centrifuged in a microfuge 
(Eppendorf, FRG) at 15,600 x g. The protein content in the supernatant was 
determined according to Bradford (1976), using bovine gamma globulin (Biorad 
laboratories, FRG) as a standard. 
Also for qualitative protein determinations samples of 10 seeds or seed 
parts were ground in a mortar with 4 or 2 ml extraction buffer, respectively. 
This buffer consisted of 65 mM Tris-HCl pH 6.8, 2% SDS, 10% glycine and 2.5% 
2-mercaptoethanol (v/v). After 4 h at 4 °C, the extract was centrifuged in the 
microfuge. The resulting supernatant was mixed with an equal volume of sample 
buffer, 62.5 mM Tris pH 6.8, 2% SDS, 10% 2-mercaptoethanol, 5% glycerol (v/v) 
and some bromophenol blue. The samples were heated and analyzed in 13% poly-
acrylamide gels containing 0.1% SDS (Laemmli 1970). Gels were stained with 
0.25% (w/v) Coomassie Brilliant Blue in methanol:acetic acidrwater (5:1:4, 
v/v) and destained in methanol:acetic acidtwater (5:7:88, v/v). 
Osmotic potential of the fruit juice 
Fruit juice was collected from ripe fruits, 10 days after they had turned from 
orange to red. The juice was filtered and the osmotic potential of the juice 
was determined with an osmometer (Knauer, FRG), calibrated with mannitol 
solutions, calculated according to Michel et al. (1983). 
Germination experiments 
Triplicates of 50 seeds were sown in 5 cm glass Petri dishes on one layer of 
filter paper (Schleicher & Schull no. 595) moistened with 1.5 ml of distilled 
water or test solution. GAA -, (a gift of ICI, UK), was dissolved in 1 M K0H 
and diluted with distilled water, the pH of the stock solutions was adjusted 
to 7.0 with 1 M HC1. Thiomersal (BDH, UK), in a concentration of 0.25 mg.l"1, 
was added to prevent fungal growth. The Petri dishes with seeds were placed in 
closed plastic boxes and incubated at 26 °C in the dark. Visible radicle 
protrusion was used as a criterion for germination, it was normally counted 
after 7 days. 
Red light (620-700 nm, 2.6 W.m ) was obtained by filtering irradiation 
from 6 red-fluorescent tubes (Philips TL 20 W/15) by 3 mm plexiglas (Red 501, 
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Rohm & Haas). Illuminated seeds were irradiated intermittently for 10 min.h 
during the first 24 h after the start of imbibition. 
Results 
ABA levels in developing seeds 
Cultivation on hydroponic culture and protection against direct sunlight 
prevented wilting, but did not reverse the other characteristics of the ABA 
deficiency. Flower buds of the sitw mutant developed normally like wild-type 
flowers. The production of pollen was reduced, however. 
Developing wild-type seeds showed a peak in ABA content of 36 ng.seed 
about 30 days after pollination (dap) (Fig. 1). In mature seeds only 1.8 
ng.seed" remained. The amount of ABA in developing sitw/sitw seeds was 
strongly reduced during all phases of development, it reached only 1 ng at 30 
dap and 0.2 ng at maturity. The Sit/sitw seeds contained an intermediate 
amount of ABA, reaching a maximum value of 10 ng around 40 dap. A comparison 
of ABA content (Fig. 2A) and fresh weight (Fig. 2B) in intact seeds and in 
seed parts of wild-type during seed development showed that the early peak in 
both parameters roughly coincided. It was also demonstrated that both peaks 
depended for the greater part on the integuments. From half-way development 
the fresh weight of the integuments, now becoming testa, decreased sharply and 
so did their ABA content. In the intact seed the loss of both fresh weight and 
ABA was partly compensated at first by the increase of both parameters in 
embryo and endosperm, which reached a peak around 40 dap. Thereafter, the ABA 
content of all seed parts was strongly reduced, whereas some water was left in 
the seeds (Fig. 2, 3). 
The ABA content of embryo plus endosperm from sitw/sitw seeds at 35 dap was 
compared to that of the same parts of seeds developing on 5it/sitw plants 
after pollination with sitw pollen. In the latter case all fruits and other 
maternal tissues will be heterozygous and thus contain ABA, whereas half of 
the seeds will be sitw/sitw and half Sit/sitw. However, the genotype of de-
veloping seeds could not be recognized. Individual seeds of the cross con-
tained at 35 dap between 3.1 and 11.1 ng ABA per embryo plus endosperm, 
without a sharp distinction into two groups. Moreover, the ABA content always 
surpassed that of seeds from self-pollinated sitw/sitw plants, which ranged 
from 0.8 to 2.9 ng per embryo plus endosperm (cf. Fig. 1). 
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Fig. 1. ABA content in seeds developing on self-pollinated Sit/Sit 
(A) or sitw/sitw (•) plants or on sitw/sitw plants pollinated with 
Sit pollen leading to Sit/sitw seeds (•). Vertical bars indicate SD 
(n=3). 
Fresh and dry weights 
It has been shown before (Chapter 3) that the fresh and dry weights of mature 
tomato seeds were influenced by the number of seeds per fruit because of 
competition. Therefore, fresh and dry weights of mature seeds of different 
genotypes were plotted against the number of seeds per fruit (Fig. 3). The 
results show that the ABA deficiency did not affect fresh and dry weights of 
mature seeds. Fresh weight of wild-type, sitw/sitw and Sit/sitw seeds was 
about 7 mg per seed. Fruits with low seed numbers contained somewhat heavier 
seeds on the average. Dry weight of seeds of all genotypes was 3.5 mg per seed 
on the average. The number of seeds per fruit only slightly influenced seed 
dry weight. 
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Fig. 2. ABA content (A) and fresh weight (B) of developing Sit/Sit 
seeds or seed parts. A. ABA content determined in intact seeds (o) 
and isolated testa (A) was used to calculate the amount in embryo 
plus endosperm (v)- B. Fresh weights were determined of intact seeds 
(o)» isolated testa (A) and embryo plus endosperm (V). The asterix 
($) represents the calculated sum of isolated testa and embryo plus 
endosperm, indicating loss during isolation. 
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Fig. 3. Dry weight (open symbols) and fresh weight (closed symbols) 
of mature seeds in r e l a t i o n to the number of seeds per f r u i t . The 
s i t w / s i t w ( • , • ) and S i t / s i t w ( 0 , « ) seeds developed on s i t w / s i t w 
mother plants after self-pollination or pollination with Sit pollen, 
respectively. The Si t /S i t (A,A) seeds derived from self-pollination 
of Si t /Si t plants. 
Proteins 
Mature, wild-type seeds were separated in embryo, endosperm and t e s t a . The 
seed parts were extracted with SDS and analyzed by gel electrophoresis. The 
gel, presented in Fig. 4A, shows that embryo and endosperm exhibited similar 
pa t t e rn s with regard to the major protein bands. The 6 pronounced prote in 
bands most l ikely represent storage proteins, since they were less present in 
extracts of germinated seeds (data not shown). In extracts of the testa only 
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one unique protein band with a low molecular weight was v i s i b l e (Fig. 4A). 
Light-microscopical examination of the testa revealed that most of the Coo-
massie Bril l iant Blue-stainable material of the testa was located in the inner 
integumental layer. 
Gele lec t rophore t ic pa t t e rns of pro te ins in mature Si t /Si t and s i t w / s i t w 
seeds are presented in Fig. 4B. No quali tat ive differences in protein pattern 
could be observed by t h i s method. SDS-extracts of S i t / S i t , S i t / s i t w and 
s i t w / s i t w seeds of different developmental stages showed also no differences 
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endosperm, te = testa) ; or from B: mature Si t /Si t (Sit) or s i t w / s i t w 
(s i tw ) seeds derived after self-pollination. 
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in the pattern of the major protein bands (data not shown). 
Wild type, Sit/sitw and sitw/sitw seeds from different developmental stages 
were also extracted with buffer plus salt, for quantitative determinations of 
protein content. The results indicate that lower levels of maternal ABA 
initially depressed protein accumulation, but the effect disappeared in the 
course of development (Fig. 5). Developing Sit/sitw and sitw/sitw seeds did 
not differ in protein content. 
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60 
Fig. 5. Courses of protein content in seeds developing on self-
pollinated Sit/Sit (A) or sitw/sitw (a) plants or on sitw/sitw 
plants pollinated with Sit pollen leading to 5it/sitw seeds ( O )• 
Protein weight is expressed as equivalents of bovine gamma globuline. 
Vertical bars represent SD (n=3). 
In a second experiment, performed with seeds harvested 2 months later, ex-
tracts were made from mature seeds of all three genotypes (Tab. 1). The amount 
of proteins was somewhat less compared to the levels found in mature seeds of 
the previous experiment. Again, there was no difference between the three 
genotypes. 
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Table 1. Total protein content extractable with phosphate buffer plus 
salt from mature seeds of different genotypes. Data represent the 
mean of 3 samples per genotype, collected from individual fruits. 
genotype proteincontent + SD 
motherplant seed mg.seed mg.(g fresh weight)-J-
Sit/Sit Sit/Sit 1.21 + 0.11 189 + 11 
sitw/sitw Sit/sitw 1.19+0.23 176+20 
sitw/sitw sitw/sitw 1.28 + 0.11 166 + 1 
Viviparous germination 
Despite strongly reduced ABA levels, sitw/sitw seeds did not germinate pre-
maturely in the fruits. However, when ripe sitw/sitw fruits remained attached 
to the plant for at least 2 weeks after ripening, viviparous germination of 
the mutant seeds was observed (Fig. 6,7), it did not occur in wild-type seeds 
(Fig. 7). 
An attempt to study vivipary of heterozygous seeds in ABA-deficient fruits 
by crossing sitw/sitw x Sit/Sit was not successful because an insufficient 
number of fruits was produced. In fruits of self-pollinated Sit/sitw plants 
about one quarter of the seeds germinated viviparously when the fruits re-
mained attached to the mother plant (Fig. 7). A test of the seedlings that 
developed from the viviparous seeds, revealed that they all had the wilty 
phenotype and therefore the sitw/sitw genotype. The osmotic potential and the 
ABA content of the locular tissue of the ripe fruit of Sit and sitw are shown 
in Tab. 2. The ABA content of the sitw/sitw fruits was about 10 % of the level 
found in wild-type fruits. The osmotic potential of the fruit juice was simi-
lar for both genotypes. 
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F i g . 6. Viviparous germinating mature s i t w / s i t w seeds in a r ipe 
s i t w / s i t w f r u i t . 
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F i g . 7. Percentage of seeds germinated w i t h i n r i p e f r u i t s der ived 
from se l f -po l l i na t i on of S i t / S i t ( A ) , s i t w / s i t w ( • ) and S i t / s i t w 
(V ) p l a n t s . 
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Table 2. ABA content and osmotic potential of the juice of ripe 
Sit/Sit and Sit/sitw fruits. 
genotype of the fruit 
Sit/Sit (n=2) sitw/sitw (n=2) 
ABA content, pM 0.84 + 0.18 0.08 + 0.01 
Osmotic potential, MPa -0.85 + 0.11 -0.93 + 0.07 
Development of dormancy 
The development of dormancy in wild-type seeds was strongly influenced by 
cultivation conditions and plant handling. Seeds used in the previous ex-
periments were produced on plants raised in pots or on hydroponic culture in a 
heated greenhouse with 16 h daylength without defoliation (condition 1 in Tab. 
3). Under those conditions wild-type plants produced seeds that germinated 
directly after harvest for 158> at 26 °C in darkness. Cultivated on soil in a 
Table 3. Germination of freshly harvested seeds produced under diffe-
rent conditions. See text for the description of the conditions of 
cultivation. 
production genotype germination, % 
condition 1 Sit/Sit seeds on Sit/Sit plants 
Sit/sitw seeds on sitw/sitw plants 
sitw/sitw seeds on sitw/sitw plants 
condition 2 Sit/Sit seeds on Sit/Sit plants 
sitw/sitw seeds on sitw/sitw plants 
15 
57 
97 
82 
96 
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non-heated greenhouse at natural summer conditions, whereby the older leaves 
were routinely removed (condition 2 in Tab. 3), wild-type seeds germinated for 
82% directly after harvest. These latter conditions come close to commercial 
seed productions in tomato. A first result of a further analysis of these data 
points to defoliation as an important factor. When wild-type plants at con-
dition 1 were defoliated halfway the development of certain fruits, seeds from 
those fruits germinated directly after harvest for 75% (data not shown). 
Freshly harvested sitw/sitw seeds from both cultivation conditions ger-
minated to a high percentage, while Sit/sit seeds, that had been formed in a 
sitw/sitw fruit, took an intermediate position (Tab. 3). We also studied the 
germination characteristics of the seeds developing after self-pollination of 
Sit/sitw (Fig. 8). All seeds that gave rise to wilting seedlings had ger-
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Fig. 8. The influence of the genotype of the embryo on the germina-
tion of freshly harvested mature seeds from self-pollinated 5 i t / s i t w 
plants. Seeds were collected from ripe f ru i t s and incubated in water 
the next day. All seeds tha t had not germinated on the 6 day were 
subsequently t r ea ted with 10 yM GA* -,. Germinated seeds ( • ) were 
removed from from the Petri dishes, transplanted in soil and checked 
for rapid wi l t ing of seedl ings under water s t r e s s : wi l t ing ( • ) or 
non-wilting ( v ) seedlings.The phenotype of some seedlings {!%) could 
not be c l a s s i f i e d ( o ) , s ince they did not survive the t r ansp l an t a -
t ion. 
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minated w i t h i n 3 days. The seeds t h a t formed normal seed l ings germinated f o r 
about 45% i n w a t e r , t h e r e m a i n d e r o f t h e seeds r e q u i r e d GA4.7 t o g e r m i n a t e . 
Thus, s i t w / s i t w seeds a l so showed a lack of dormancy a f t e r development i n ABA-
r i c h materna l t i s s u e s . The segregat ion of 59 w i l t i n g versus 173 n o n - w i l t i n g 
seed l ings i n the o f f s p r i n g o f s e l f - p o l l i n a t e d S i t / s i t w p l a n t s (F ig . 8) i s very 
c l o s e t o a 1 : 3 r a t i o and i n d i c a t e s an e q u a l c o n t r i b u t i o n o f S i t end s i t w 
p o l l e n and ovules to the f e r t i l i z a t i o n . 
Germinat ion o f dormant w i l d - t y p e seeds was s t i m u l a t e d by a low temperature 
p r e t r e a t m e n t , p a r t i c u l a r l y i n c o m b i n a t i o n w i t h r e d l i g h t , by GA* 7 , and by 
severa l weeks o f dry s torage (Tab. 4 ) . 
Table 4. I n f l u e n c e o f a c o l d p r e t r e a t m e n t , a f t e r - r i p e n i n g and d i f -
f e r e n t i n c u b a t i o n c o n d i t i o n s on the ge rm ina t i on o f f r e s h l y ha rves ted , 
w i l d - t y p e seeds, produced a t c o n d i t i o n 1 (see t e x t f o r d e s c r i p t i o n ) . 
Seeds were incubated a t 26 °C i n water or 10 yM GA* -j, and 7 days i n 
d a r k n e s s ( d a r k ) o r 1 day under i n t e r m i t t e n t red f o l l o w e d by 6 days 
da r kness ( r e d ) , n t = n o t t e s t e d . 
Germina t ion , % 
pre t rea tmen t i n c u b a t i o n c o n d i t i o n s 
H20, dark H20, red GA4+7» d a r k 
none 11 35 100 
6 d 2 °C, imbibed 31 95 n t 
7 weeks 7 °C, dry 77 n t 100 
Discuss ion 
Two sources of ABA 
The p r e s e n t d a t a c l e a r l y d e m o n s t r a t e t h a t i n d e v e l o p i n g t o m a t o seeds endo -
genous ABA o r i g i n a t e s b o t h f r o m z y g o t i c and m a t e r n a l t i s s u e s . They a r e i n 
accordance w i t h p rev ious s tud ies on seeds of Arab idops is t h a l i a n a (Karssen e t 
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a l . 1983) . The ABA t h a t o c c u r s i n S i t / s i t w s e e d s d e v e l o p i n g i n s i t w / s i t w 
f r u i t s (Fig. 1) can only o r i g i n a t e from embryo and endosperm s ince the f r u i t 
and the integuments a re ABA-deficient. This conclusion i s s t rongly supported 
by t h e r e s e m b l a n c e between t h e c o u r s e s of ABA c o n t e n t in i n t a c t S i t / s i t w 
seeds , developing in s i t w / s i t w f r u i t s (Fig. 1) and in embryo plus endosperm of 
w i l d - t y p e s e e d s (F ig . 2A). The h igh r i s e i n ABA c o n t e n t around 30 dap on ly 
occurred in S i t / S i t seeds , i . e . when both zygot ic and maternal t i s s u e s had the 
c a p a c i t y t o produce ABA. T h e r e f o r e , t h i s r i s e h a s t o be of m a t e r n a l o r i g i n . 
The a n a l y s i s of seed p a r t s i n S i t / S i t showed indeed t h a t t h e r i s e around 30 
dap was mainly present in the (maternal) integuments (Fig. 2A). Smith (1935) 
described t h a t in tomato seeds the c e l l wa l l s of the outer integument co l l apse 
half-way development, leaving only the secondary th ickening on the r a d i a l c e l l 
wa l l s which develop in to h a i r s . This co l lapse most probably causes the d ra -
matic reduct ion in fresh weight which occurs in tomato much e a r l i e r than in 
seeds of most o ther spec ie s . The l o s s of water i s accompanied by a reduct ion 
of maternal ABA (Fig. 2). Therefore, t he ABA r a t h e r d i s s i p a t e s i n t o the f r u i t 
t i s s u e than t h a t i t i s m e t a b o l i c a l l y removed. I t can not be exc luded t h a t 
m a t e r n a l ABA e n t e r e d t h e z y g o t i c endosperm and embryo in t h e c o u r s e of d e -
velopment. Athough a comparison between t o t a l ABA in 5 i t / s i t w seeds developing 
in ABA-deficient maternal t i s s u e s (Fig. 1) and the ABA content of developing 
S i t / S i t endosperms and embryos (Fig. 2A) does not support t h i s , the measure-
ments of ABA in embryo plus endosperm of ind iv idua l seeds demonstrated t h a t a t 
35 dap m a t e r n a l ABA from S i t / s i t w f r u i t s and i n t e g u m e n t s i n c r e a s e d t h e ABA 
content of s i t w / s i t w embryo and endosperm. 
Role of ABA in seed development 
Appl icat ion of exogenous ABA to developing i n t a c t seeds of wheat and bar ley 
s t imula ted the import of a s s i m i l a t e s and the growth of the seeds (Dewdney and 
McWha 1978, T i e t z e t a l . 1981 , Ackerson 1984a) . King and P a t r i c k (1982) e x -
pressed some doubt about the r e l i a b i l i t y of the appl ied techniques , however. 
Exogenous ABA has a l so often been applied during _iii v i t r o c u l t u r e s of i s o l a t e d 
embryos. In c u l t i v a t i o n medium w i t h o u t ABA embryos g e r m i n a t e p r e c o c i o u s l y . 
Addition of ABA not only prevented growth but , according to some s t u d i e s , a l s o 
s t i m u l a t e d t h e s y n t h e s i s of c e r t a i n s p e c i f i c p r o t e i n s such a s legumin in 
f i e ld -bean cotyledons (Barrat 1986), the 8-subuni t of B-conglycinin in soybean 
embryos (Bray and Beachy 1985), or agg lu t in in in wheat embryos ( T r i p l e t t and 
Quatrano 1982). ABA a l so caused cont inua t ion of the t r a n s c r i p t i o n of mRNAs for 
s t o r a g e p r o t e i n s ( E i s e n b e r g and Mascarenhas 1985) . The e f f e c t of ABA i s no t 
s p e c i f i c , however . During i n v i t r o c u l t u r e s of d e v e l o p i n g r a p e s e e d embryos 
high osmotic concen t ra t ions of mannitol could rep lace ABA in the i n h i b i t i o n of 
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germinat ion and the s t i m u l a t i o n of storage-protein synthesis (Crouch et a l . 
1985). Barrat (1986) obtained s im i la r resul ts wi th f ield-bean cotyledons. In 
rapeseed embryos the osmotic effect i s more rapid than ABA and i s not mediated 
by an increase of ABA levels in the cul t ivated embryos (Finkelstein and Crouch 
1986). 
In the present experiments ABA-deficient tomato seeds do not exhib i t any of 
these changes. Neither f resh and dry weights (F ig . 3) , nor the content and 
composi t ion of reserve p ro te ins (F ig . 4 , 5) were a f f ec ted . The r e l a t i v e l y 
higher protein content early i n development of S i t / S i t seeds i s more l i k e l y 
due to the better condit ion of the wi ld-type mother plant than to endogenous 
ABA, since there i s no d i f f e rence i n p ro te in content between s i t w / s i t w and 
S i t / s i t w seeds that developed on the same mother plants. Moreover, s i t w / s i t w 
seeds did not germinate precociously in any experiment. Therefore, our exper i -
ments wi th tomato present serious doubts whether a role of endogenous ABA in 
seed development was simulated in studies with exogenous ABA. 
Role of ABA in induction of dormancy 
The present experiments c lear ly prove that endogenous ABA plays an important 
ro le in the induction of dormancy during seed development. The resul ts are in 
good agreement w i t h the s tud ies on the ro le of ABA i n dormancy i nduc t i on i n 
Arabidopsis thal iana (Karssen et a l . 1983). Par t icu lar ly the ABA f ract ion that 
i s produced in embryo and endosperm i s decisive: 5 i t / s i t w seeds from s i t w / s i t w 
f r u i t s showed inh ib i ted germination whereas s i t w / s i t w seeds from the same 
f r u i t s as we l l as from ABA-rich S i t / s i t w f r u i t s (Fig. 8) germinated d i rec t l y 
a f t e r harvest . However, maternal ABA may add to the ac t ion of zygo t i c ABA 
because S i t / S i t seeds were more dormant than 5 i t / s i t w seeds from s i t w / s i t w 
f r u i t s . Trans locat ion of maternal ABA from the f o l l i a g e to the seeds might 
exp la in the dormancy-antagonizing e f f e c t of d e f o l i a t i o n ind ica ted i n the 
present study. I t i s wel l -known tha t leaves produce large amounts of ABA, 
par t i cu la r l y during water stress. Hoad (1978) found in lupin that the level of 
ABA in the phloem sap increased wi th water stress and, concomitantly, the ABA 
content of the developing seeds. A smal l increase of the ABA l eve l s i n both 
tes ta and coty ledons, i n reac t ion to water s t r e s s , was also repor ted fo r 
developing soybean seeds (Brenner et a l . 1986). 
Vivipary 
The capacity of mature seeds to germinate viviparously in r ipe f r u i t s , that 
were s t i l l attached to the mother p lant , i s pr imar i ly a function of the degree 
of dormancy of the seeds (F ig . 7) . The ABA-induced dormancy of tomato seeds 
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will be analysed in the next chapter. It will be shown that sitw/sitw seeds 
have the capacity to germinate in a solution of 0.5 MPa more negative osmotic 
potential than Sit/Sit seeds, whereas seeds of both genotypes have the same 
sensitivity to exogenous ABA. The different sensitivity to osmotic stress is 
the most likely explanation why mature sitw/sitw seeds do germinate readily, 
in both sitw/sitw and heterozygous fruits, whereas wild-type seeds in wild-
type fruits do not germinate (Fig. 6, 7). The osmotic potential of the fruit 
tissues is about -0.9 MPa in both types of fruits (Tab. 2), a potential that 
only inhibits the germination of wild-type seeds (Chapter 6). Ripe Sit/Sit 
fruits contain a 10-fold higher ABA concentration than sitw/sitw fruits (Tab. 
2), a level that is in itself, however, not inhibitory to seeds of both 
genotypes (Chapter 5). Thus the primary control of viviparous germination is 
of an osmotic nature. The conclusions are in accordance with those of 
DBrffling (1970), who also postulated a secondary role of ABA in the pre-
vention of vivipary in tomato. Reduced dormancy and viviparous germination 
have also been reported for seeds of the ABA-deficient flacca tomato mutant 
(Weyers 1985). 
In sitwsitw fruits germination of immature seeds was never observed (Fig. 
7). In Arabidopsis similar observations were explained by lack of water due to 
dehydration of fruits and seeds (Karssen et al. 1983). In tomato, such an 
explanation is unlikely, since even mature seeds still contain considerable 
quantities of water (Fig. 2, 3). Therefore, some other ABA-independent factor 
must prevent precocious germination. In tomato seeds germination depends on a 
GA-stimulated weakening of the endosperm layer opposing the radicle tip 
(Chapter 2, 5). We presume that precocious germination is prevented by either 
a limitation of synthesis or transport of the essential GA, or by reduced 
sensitivity of the responding endosperm cells to this hormone. 
In conclusion, the present study has shown that the action of endogenous ABA 
during seed development of tomato is limited to the induction of dormancy. All 
other aspects of seed growth, such as fresh and dry weight and accumulation of 
reserve proteins are not influenced by the reduction of endogenous ABA. 
Although the effects of exogenous ABA on cultivated embryos of many species do 
not imitate the action of endogenous ABA, they clearly show that immature 
seeds have the potency to react to ABA. 
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Chapter 6 
D i f f e r e n c e s i n dormancy and g e r m i n a t i o n between seeds of w i l d - t y p e and 
abscisic ac id -de f ic ien t mutants i n tomato. 
I n c o l l a b o r a t i o n w i t h W.P.J.M. van Ham, A.J. S t o l t e and CM. Karssen. 
Abstract 
The ABA-induced seed dormancy i n tomato i s s tud ied by comparing seeds o f the 
ABA-de f i c ien t s i t w seeds w i t h w i l d - t y p e seeds cv. Moneymaker. W i l d - t ype seeds 
t h a t were r a i sed on p l a n t s i n a heated greenhouse w i t h o u t regu la r d e f o l i a t i o n 
o f t h e o l d e r l e a v e s d e v e l o p dormancy i n c o n t r a s t t o s i t w seeds . I n do rman t 
w i l d - t y p e seeds the neccesary weakening o f the endosperm res i s tance i n f r o n t 
o f t h e r a d i c l e does n o t occu r and g e r m i n a t i o n i s i n h i b i t e d . A few weeks o f 
a f t e r r i p e n l n g a t dry s torage r e l i e v e s t h i s d i f f e r e n c e between w i l d - t y p e and 
s i t w seeds. Stored seeds o f both l i n e s do s t i l l d i f f e r i n the s e n s i t i v i t y o f 
ge rm ina t i on and embryo e l onga t i on to osmot ic i n h i b i t i o n . The c r i t i c a l osmot ic 
p o t e n t i a l f o r 50% i n h i b i t i o n i n s i t w seeds i s -0.5 MPa more negat ive than i n 
w i l d - t y p e seeds. 
Seeds o f t h e G A - d e f i c i e n t g a - 1 m u t a n t , t h a t a b s o l u t e l y r e q u i r e GA f o r 
endosperm weakening and g e r m i n a t i o n , germinate i n water a f t e r removal o f the 
endosperm and t e s t a l a y e r s i n f r o n t o f t h e r a d i c l e ( d e t i p p i n g ) . I n o s m o t i c 
s o l u t i o n s t h e r a d i c l e e l o n g a t i o n o f d e t i p p e d seeds o f d i f f e r e n t l i n e s i s 
i n c r e a s i n g l y i n h i b i t e d i n the order s i t w , w i l d - t y p e , ga-1 s i t w , and g a - 1 . 
Fresh ly harvested w i l d - t y p e seeds c o n t a i n about 1 0 - f o l d h i g h e r l e v e l s o f 
endogenous ABA than s i t w seeds . Dry s t o r a g e reduced t h e l e v e l s by h a l f and 
i m b i b i t i o n i n water caused a f u r t h e r r e d u c t i o n . Comparison w i t h the m in ima l 
l e v e l s o f penet ra ted ABA t h a t are requ i red f o r i n h i b i t i o n of ge rm ina t i on made 
i t u n l i k e l y t h a t the d i f f e r e n t behaviour of w i l d type and s i t w depend on the 
a c t u a l l e v e l s i n mature seeds. 
I t i s concluded t h a t the about 3 0 - f o l d h igher ABA l e v e l s o f w i l d - t y p e seeds 
du r i ng seed development has caused profound d i f f e r e n c e s i n the seeds t h a t are 
s t i l l no t i ceab le du r ing ge rm ina t i on . At harves t the a c t i o n of developmental 
ABA i n t e r f e r e s w i t h the s t i m u l a t i o n of endosperm h y d r o l y s i s , i n s to red seeds 
i t i n h i b i t s the c e l l e l onga t i on capac i t y . 
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Introduction 
Previous studies with ABA-deficient mutants of Arabidopsis thaliana and tomato 
provided clear evidence that the induction of dormancy during the development 
of seeds on the mother plant depends on a rise of endogenous ABA (Karssen et 
al. 1983, Chapter 5). Upon maturation of the seeds the ABA levels strongly 
decreased. Therefore, it was doubted whether endogenous ABA was also responsi-
ble for the maintenance of dormancy in the mature seed (Karssen et al. 1983). 
Bonamy and Dennis (1977) expressed similar doubts. They showed that in peach 
seeds the ABA level diminished much more rapidly during incubation at 20 °C 
than at 5 °C, whereas dormancy was only relieved at 5 °C. 
Therefore, it was hypothesized that the inhibitory effect of ABA on germi-
nation is somehow fixed during seed development and does not depend on the 
actual presence of ABA for its expression in the mature seed (Karssen and 
tacka 1986). It is the aim of the present study to localize and analyse this 
ABA-induced dormancy in tomato seeds by comparing seeds of the ABA-deficient 
sitw mutant with wild-type cv. Moneymaker seeds. The isolation and phenotypic 
characterization of the sitw mutant have been described in Chapter 5. 
In the present analysis special attention is given to the cell-expansion 
force of the embryo because recent studies with rapeseed have shown that 
application of ABA inhibits cell expansion by interfering with the process of 
cell-wall loosening (Schopfer and Plachy 1985). The present paper also studies 
whether the ABA-deficiency interferes with GA-induced processes in the seeds. 
Studies with GA-deficient ga-1 mutants have shown that the germination of 
tomato seeds absolutely depends on GA (Chapter 2). This hormone induces a 
weakening of the mechanical restraint of the endosperm cells, thereby per-
mitting radicle protrusion. The study of the interaction between the two 
hormones in the control of germination is enabled by the availability of the 
recombinant of the sitw and the ga-1 mutants. 
Material and methods 
Seed material 
Wild-type tomato (Lycopersicon esculentum Mill. cv. Moneymaker), and the ABA-
deficient line sitw, the GA-deficient line ga-1, and the recombinant ga-1 sitw 
were obtained from Professor J.H. van der Veen of the Department of Genetics, 
Agricultural University, Wageningen. Plants for seed production were raised at 
two locations. At small scale, seeds were produced year-round in a heated 
greenhouse with minimum temperatures of 21 °C (day) and 19 °C (night) and a 
photoperiod of 16 h was maintained by additional illumination from high-
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-pressure mercury ha l ide lamps ( P h i l i p s HPI/T) at 18 W.m . The p lan ts were 
cul t ivated in pot s o i l . The s i t w plants were protected against d i rect sunl ight 
and sprayed r e g u l a r l y w i t h tap water to prevent w i l t i n g . At a l a rge r scale 
seeds were produced i n a non-heated greenhouse dur ing summer and autumn, 
without addit ional i l l umina t ion . The plants were cul t ivated in s o i l and s h i e l -
ded against d i r e c t s u n l i g h t . At t h i s l o c a t i o n the o lder leaves below the 
c l u s t e r s w i t h r i pe f r u i t s were removed r e g u l a r l y . The s i t w and ga-1 s i t w 
p lan ts were sprayed once or tw ice a week w i t h about 2 ml 10 uM ABA (Fluka, 
FRG) to reduce w i l t i n g . Of the ga-1 p l a n t s , the top and f lower -bud regions 
were sprayed once a week wi th a solut ion of 10 uM GA4+7 (Berelex, IC I , UK) to 
st imulate shoot growth and development of f e r t i l e f lowers. 
Seeds were i so l a t ed from r i pe f r u i t s and incubated i n 1% HC1 fo r 1 h to 
remove the remnants of the mucilagenous locular t issue. Thereafter the seeds 
were r insed w i t h tap water , d r ied at room temperature and s tored i n closed 
p l a s t i c conta iners i n a r e f r i g e r a t o r a t 7 "C u n t i l use. Comparison between 
w i l d type and mutant always occurred w i th seed l o t s from the same harvest 
date. 
Germination conditions 
Tr ip l ica tes of 50 seeds were sown in 5 cm glass Petr i dishes on one layer of 
f i l t e r paper (Schleicher and Schu l l No. 595) moistened w i t h 1.5 ml of 0.25 
mg.l thiomersal (BDH, UK) to prevent fungal growth, wi th or without growth 
regu la to rs or osmotic m a t e r i a l . ABA (Fluka, FRG) and GA* -, (a g i f t of I C I , 
UK), were dissolved in 1 M KOH and d i lu ted with d i s t i l l e d water, the pH of the 
stock solutions was adjusted to 7.0 wi th 1 N HC1. The osmotic potent ia l of the 
po lyethy lene g l y c o l (PEG) (Serve, FRG) (mol mass 6,000) so lu t i ons was c a l -
culated according to the formula of Michel (1983). The PEG solutions were re -
freshed every two days. The P e t r i dishes w i t h seeds were placed i n closed 
p las t ic boxes and incubated at 26 _+ 1 °C in the dark unless mentioned other-
wise. In experiments wi th in tact seeds v i s ib le radic le protrusion was used as 
the c r i t e r i o n f o r germina t ion , unless mentioned o therwise . When the layers 
opposing the r a d i c l e t i p were removed (det ipped seeds) a c e r t a i n minimum 
protrusion was taken as c r i t e r i on . 
ABA determinations 
The iso la t ion of ABA and i t s determination by gaschromatography are described 
i n Chapter 5. 
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Puncture force determinations 
The force needed to puncture the endosperm plus testa layers opposing the 
radicle tip was determined and taken as a measure for the mechanical restraint 
of these seed layers. The puncture force determinations and statistical cal-
culations of the data were performed according to the previous description 
(Chapter 2). 
Results 
Alleviation of dormancy 
During incubation in water the force required to puncture the layers opposing 
the tip of the radicle and the percentage germination were followed in wild-
-type and sitw seeds produced in the heated greenhouse (Fig.l). 
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Fig. 1. Changes with incubation time of the median force required to 
puncture the layers opposing the radicle tip (broken lines) and of 
germination (solid lines) of wild-type (A,A) and sitw (•, •) 
seeds. Seeds were incubated either 1 day after harvest (open symbols) 
or after 8 weeks of dry storage at 7 "C (closed symbols). 
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I t was shown before tha t at t ha t l o c a t i o n w i l d - t y p e seeds develop dormancy 
(Chapter 5). The seeds were tested d i rec t l y af ter harvest or af ter 8 weeks of 
dry storage at 7 °C. At the s t a r t of incubat ion the endosperm res is tance of 
both genotypes was s im i la r , i t was not affected by dry storage. When wi ld-type 
seeds were incubated d i rec t l y a f ter harvest only a few seeds germinated and 
the puncture force did not decrease during incubation. Apparently, the dormant 
state of these seeds also prevented endosperm weakening. In wi ld- type seeds 
dry storage induced the capacity to weaken the endosperm which was followed by 
f u l l ge rmina t ion . Both processes occurred at the same ra te as i n the non-
dormant s i t w seeds before and af ter dry storage. 
ABA levels 
The levels of endogenous ABA were determined in seeds of both genotypes that 
had been raised in the heated greenhouse (Tab. 1). Freshly harvested seeds of 
w i ld type contained about 10-fold higher ABA levels than fresh s i t w seeds. Dry 
storage reduced the l e v e l s by h a l f and i m b i b i t i o n i n water caused a f u r t h e r 
strong reduction in the wi ld- type seeds. 
Table 1 . ABA content of w i l d - t y p e and s i t w seeds. The seeds were 
ex t rac ted at harvest (non-dr ied) , a f t e r 1 year dry storage at 7 °C, 
or a f t e r 1 year storage fo l l owed by 18 h i m b i b i t i o n of 50 seeds i n 
1.5 ml water. Data represent the mean + standard deviation of dup l i -
cate samples of 50 seeds. 
l i ne extract ion ABA content, ng.seed 
wi ld type - at harvest 1.8 + 0.2 
- af ter 1 year storage 0.8 + 0.1 
- af ter 1 year storage 0.1 + 0.0 
plus 18 h imbib i t ion 
s i t w s i t w - at harvest 0.2 + 0.0 
- a f ter 1 year storage 0.1 +_ 0.0 
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Inhibition of germination of stored seeds 
Since the dormancy of wi ld- type seeds was rapidly rel ieved during dry storage 
(Fig. 1), the main part of our experiments could only be performed w i th stored 
non-dormant seeds tha t f u l l y germinated i n water and darkness at 26 °C for 
both genotypes. Therefore, i t was tested whether seeds of w i ld type and s i t w 
di f fered in the i r response to less favourable condit ions, such as incubation 
in ABA or osmotic i nh ib i t i on . In these experiments seeds were used that were 
produced on large scale in the non-heated greenhouse, wi ld- type seeds raised 
at tha t l o c a t i o n developed less dormancy compared to seeds from the heated 
greenhouse (Chapter 5). 
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Fig. 2. E f fec t of exogenous ABA on the germina t ion , or growth, of 
i n t a c t ( s o l i d l i n e ) or det ipped (broken l i n e s ) seeds of w i l d type 
( A , A) and s i t w ( D , • ) . In det ipped seeds endosperm plus tes ta 
layers opposing the r a d i c l e t i p were removed i n the dry s t a t e . The 
c r i t e r i on for germination was ei ther v i s ib le radicle protrusion (open 
symbols) or radic le growth surpassing 2 mm (closed symbols). 
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Effect of exogenous ABA. 
Exogenous ABA inhibited the germination of after-ripened seeds of both geno-
types to the same extent (Fig. 2). The same was true for the ABA inhibition of 
embryo growth studied in detipped seeds, where the interfering mechanical 
restraint of endosperm and testa was removed in the area opposing the radicle. 
Following detipping the radicle protruded in all seeds to a limited extent of 
about 1 mm. This early protrusion was not affected by ABA that only inhibited 
the further extension of the radicle (Fig. 2). The inhibition of radicle 
growth required higher ABA concentrations than the prevention of germination, 
50 % inhibition occurred in both genotypes at about 2 pM and 5 uM, respective-
iy-
Exogenous ABA also inhibited endosperm weakening in de-embryonated ga-1 
seed-halves which was induced by incubation in 0.1-0.2 yM OK^, -, (Tab. 2). 
Complete inhibition was achieved by simultaneous incubation in 1 yM ABA. 
Table 2. Influence of incubation of de-embryonated, placental half of 
seeds in distilled water or GA4.7 with or without ABA on the required 
force to puncture these layers. The seed parts were isolated in 
daylight from intact seeds after 3 h incubation in distilled water. 
The puncture force was determined either directly or after additional 
incubation for 21 h in 1.5 ml test solution at 26 °C in darkness. The 
puncture force is expressed as the mean of two duplicate samples of 
10 de-embryonated seed parts. 
Incubat 
period 
3 
24 
24 
24 
24 
24 
24 
ion 
(h) 
Incubation 
GA4+7 
0 
0 
0.2 
0.2 
0.2 
0.2 
0 
(uM) 
medium 
ABA (yM) 
0 
0 
0 
0.3 
1.0 
3.0 
3.0 
Puncture force + SD 
(N) (n=20) 
0.57 + 0.07 
0.58 + 0.06 
0.40 + 0.08 
0.53 + 0.08 
0.57 + 0.05 
0.57 + 0.06 
0.56 + 0.06 
SD = standard deviation 
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Osmotic potential PEC solution, MPa 
F i g . 3. E f f ec t of osmotic p o t e n t i a l of the incubat ion medium on the 
germinat ion of i n t a c t (A) or det ipped (B) seeds of w i l d type ( A ) , 
s i t w ( • ) , ga-1 s i t w ( V ) and ga-1 (O) . In detipped seeds endosperm 
plus t es ta layers opposing the r a d i c l e t i p were removed i n the dry 
state. The c r i t e r i on for germination was radic le growth surpassing 1 
mm, which was scored af ter 12 days. 
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F i g . 4. Rate of germinat ion of i n t a c t (A) or det ipped (B) seeds of 
w i ld type ( A , A ) , s i t w ( • , Q ) , ga-1 s i t w ( T , V ) and ga-1 ( • , O) 
in water (closed symbols) or -0.5 MPa PEG (open symbols). In detipped 
seeds endosperm plus tes ta layers opposing the r a d i c l e t i p were 
removed in the dry state. The c r i t e r i on for germination was radic le 
growth surpassing 1 mm. 
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Effect of osmotic inhibition. 
Osmotic inhibition of the germination of after-ripened intact seeds and of the 
radicle extension from detipped seeds was studied in relation to both ABA- and 
GA-deficiencies. To prevent interference with the early protrusion that 
immediately followed detipping, a minimal extension of 1 mm was taken as 
criterion for both germination and radicle extension. In contrast to ABA, PEG 
also inhibited the early protrusion. 
Seeds of sitw germinated in PEG solutions of 0.5 MPa lower osmotic poten-
tial than wild-type seeds (Fig. 3A). In water sitw germinated a few hours 
earlier than wild-type seeds, in -0.5 MPa PEG the germination of sitw seeds 
was less delayed than wild-type seeds (Fig. 4A). Intact seeds of the GA-
deficient ga-1 line and of the recombinant ga-1 sitw did not germinate in 
water or PEG (Fig. 3A, 4A). 
In wild type, protrusion of the radicles occurred from detipped seeds at 
about 0.3 MPa lower PEG concentrations than from intact seeds (Fig. 3A,B). 
Unfortunately, seed-born infections prevented prolonged incubation of detipped 
sitw seeds. After detipping also the radicles of GA-deficient seeds extended, 
their resistance to osmotic stress was about 0.6 MPa less than in wild type, 
the recombinant took an intermediate position (Fig. 3B). In water radicles of 
all genotypes extended at the same high rate (Fig. 4B). In -0.5 MPa PEG 
radicle protrusion from detipped seeds of GA-producing genotypes (sitw, wild 
type) started earlier and occurred at a higher rate than that of GA-deficient 
genotypes (ga-1 sitw, ga-1), whereas radicles of ABA-producing genotypes (wild 
type, ga-1) protruded later and at a slower rate than those of ABA-deficient 
genotypes (sitw, ga-1 sitw). 
Discussion 
The present data show that dormancy and germination of ABA-deficient tomato 
seeds differ from those of wild-type seeds, both directly after harvest and 
after a certain period of dry storage. It has to be discussed whether these 
differences are merely the result of strong dissimilarities in ABA levels 
during seed development or depend on the actual differences in ABA levels in 
the mature seeds (Tab. 1). During seed development wild-type seeds reached a 
peak of 36 ng.seed . in contrast to 1 ng.seed in sitw (Chapter 5). Germina-
tion of non-dormant seeds of both lines was equally sensitive to exogenous 
ABA, 50% inhibition occurred at about 2 uM ABA (Fig. 2). At the end of im-
bibition tomato seeds have taken up about 4 yl water.seed" (unpublished 
data). In case of unobstructed diffusion each seed should have absorbed about 
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2 ng ABA from the 2 yM solution. However, Velasco and Stoner (1983) showed 
that in tomato seeds diffusion barriers exist that reduce the penetration of 
ABA to about 50 %. Thus the absorption from a 2 yM ABA will be about 1 
ng.seed . That amount approaches the 0.8 ng.seed of endogenous ABA in dry 
non-dormant seeds of the wild-type (Tab. 1). However, those seeds fully ger-
minated in water at 26 °C. The lack of an inhibiting effect of endogenous ABA 
is most likely due to the considerable reduction of the ABA level during 
imbibition. It was shown in lettuce seeds that absorbed ABA, at a level 
comparable to the endogenous amount in dry seeds, was only inhibitory to 
germination if it was maintained throughout incubation (Karssen 1982c). We 
suppose that also in freshly harvested tomato seeds the endogenous ABA level 
will be reduced during imbibition, the inhibition of endosperm weakening 
continued, however, during at least 50 h (Fig. 1). Therefore, it is unlikely 
that actual ABA levels in mature seeds are responsible for the observed dif-
ferences in dormancy and germination between wild-type and sitw seeds. 
Dormancy at harvest 
It was shown before that the weakening of endosperm resistance absolutely 
depended on embryo-produced endogenous GA or on application of GA (Chapter 2). 
Therefore, the absence of endosperm weakening in freshly harvested wild-type 
seeds indicates that endogenous ABA influenced in some way the action of 
embryonal GA. This can be thought to be either an inhibition of GA-biosynthe-
sis, a reduction of the sensitivity to GA or a direct inhibition of GA-induced 
endosperm hydrolysis. The first supposition is not likely, direct effects of 
ABA on GA production have not been reported. The second presumption is suppor-
ted by experiments on Arabidopsis thaliana; seed of ABA-deficient lines were 
100-fold more sensitive to GA* -, than ABA-producing lines (Karssen and Lagka 
1986). As we argued above, a direct inhibition by endogenous ABA of GA action 
during germination is not likely. 
Different inhibition of nondormant seeds 
During incubation in water after a period of dry storage at 7 °C, wild-type 
seeds showed similar endosperm weakening and germination as sitw seeds (Fig. 
1). They only differed in the moment that radicle protrusion from intact seeds 
started (Figs. 1, 4A). The differences were strongly enlarged when the seeds 
were submitted to osmotic stress. Seeds of the ABA-deficient line showed much 
higher resistance, germination occurred at more negative osmotic potentials 
(Fig. 3A), and at -0.5 MPa radicle protrusion occurred much earlier than in 
wild-type seeds (Fig. 4A). It is hypothesized that the high ABA levels that 
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occur during seed development in wi ld- type seeds cause an i nh ib i t i on of c e l l 
e longat ion tha t can s t i l l be observed a f t e r long per iods of dry s torage. In 
seeds of Brassica napus applied ABA inh ib i ted c e l l elongation at the s i te of 
c e l l - w a l l loosening w i thout a f f e c t i n g the osmotic p o t e n t i a l of the seeds 
(Schopfer and Plachy 1985). I t can not be decided yet whether endogenous ABA 
s im i l a r l y affected tomato seeds. 
Separation of the actions of ABA and GA 
The present data support the revision of the hormone balance theory of seed 
dormancy that was based on studies in Arabidopsis thaliana (Karssen and Lacka 
1986). Also in tomato seed germination endogenous ABA and GA do not act 
simultaneously, the action of ABA being restricted to seed development, 
whereas GA is only required during germination. It was reported before that 
the absence of endogenous GA does not essentially interfere with seed growth 
and development (Chapter 4). The actions of ABA and GA are only related 
through the intermittent state of dormancy. ABA-induced dormancy resulted in a 
lower resistance to osmotic stress, which in intact seeds only became visible 
when seeds could produce GA (Figs 3A, 4A).In water radicle growth of GA-
deficient genotypes could only occur in detipped seeds. GA-deficiency further 
decreased the resistance to osmotic inhibition (compare ga-1 to wild type in 
Figs 3B, 4B). The difference caused by ABA during development was maintained, 
however be it at less negative osmotic potentials (compare sitw to wild type 
and qa-1 sitw to ga-1 in Fig. 4B). 
Apart from the separation of ABA and GA action in time, during development 
and during germination, respectively, the site of action of the two hormones 
is also partly separated. Endogenous ABA induces a difference in the growth 
potential of the embryo, whereas the main effect of endogenous GA is on the 
weakening of the endosperm resistance. 
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Chapter 7 
General discussion 
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The present study forms a new demonstration of the usefulness of hormone 
mutants in the analysis of hormone action in growth and development of plants. 
In previous studies, for instance, a role of gibberellins in elongation growth 
and of abscisic acid in stomatal closure was proven by comparing plants of 
wild types and GA- or ABA-deficient mutants, respectively (Phinney 1985, Tal 
and Imber 1971). Our experiments were concentrated on the generative part of 
the life cycle of higher plants. In addition to parallel studies on Arabidop-
sis thaliana the role of GA and ABA was studied in the development of flowers, 
fruits and seeds and in seed germination of tomato. In tomato, like in Ara-
bidopsis, GA- and ABA-deficient mutant lines were available for the experi-
ments. Tomato seeds have the advantage of a much bigger size, therefore, the 
location of hormone synthesis and action in the different seed parts could be 
studied. This Chapter summarizes the main results of the thesis and discusses 
its contribution to the understanding of the role of hormones in seed develop-
ment, dormancy and germination. 
Flower development 
It was shown in previous studies that application of GAs stimulates the devel-
opment of pistils and stamen in flowers of many species (Pharis and King 
1985). A regulatory role for GA in flower development was also suggested in 
experiments with the stamenless-2 tomato mutant that contains reduced levels 
of endogenous GA (Shawney 1974). The experiments with the GA-deficient mutants 
of tomato provided definite proof that GA is absolutely required for normal 
flower development. The ga-1 plants produce flower buds that do not develop 
into normal flowers, particularly the development of corolla and stamen is 
stagnated. A single spray with GA* -j applied to newly formed buds is suffi-
cient to complete flower development. Nester and Zeevaart (1986) recently 
observed in ga-2 mutants of tomato abberations in pollen and ovule development 
resulting in both male and female sterility. 
ABA-deficient plants develop normal flowers (Chapter 5). Poor production of 
pollen, that is observed in these plants was associated with the weak condi-
tion of the sitw plants. 
Fruit development 
Parthenocarpic fruit development was occasionally observed on dwarf ga-1 
plants and fruit maturation occurs normally (Chapter 4). It was concluded that 
endogenous GA is not essensial for fruit development and maturation in tomato. 
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Never the less , GA p roduc t i on by seeds has a c l ea r s t i m u l a t i v e e f f e c t on f r u i t -
g rowth . The development of GA-producing and GA-de f i c i en t seeds i n GA-de f i c i en t 
f r u i t s was compared by p o l l i n a t i o n o f g a - l / g a - 1 f l o w e r s w i t h w i l d - t y p e o r ga-1 
p o l l e n , r e s p e c t i v e l y . F r u i t s c o n t a i n i n g G A - p r o d u c i n g seeds r e a c h a h i g h e r 
f r e s h weight than those con ta in i ng GA-de f i c i en t seeds and t h e i r r i p e n i n g i s 
delayed by one week. 
A r o l e of endogenous GA i n f r u i t g rowth was a lso demonstrated by p a r a l l e l 
s t u d i e s i n Arab idops is t h a l i a n a . Barendse e t a l . (1986) showed t h a t the r a t e 
o f f r u i t g rowth was c l e a r l y increased by GAs o r i g i n a t i n g f rom both materna l 
and embryonic t i s s u e s . Apart f rom these s t u d i e s w i t h hormone mutants no f i r m 
i n f o r m a t i o n had been g a t h e r e d about a r o l e of endogenous GA i n f r u i t g r o w t h 
and development. Previous s t u d i e s w i t h app l i ed GAs had on ly suggested a r e t a r -
d ing e f f e c t o f endogenous GA on tomato f r u i t ma tu ra t i on (McGlasson 1978). 
Seed development 
GA. Deve lopment o f f l o w e r s , seeds and f r u i t on g a - 1 d w a r f s o c c u r s a f t e r a 
s i n g l e spray on the f l o w e r - b u d w i t h GA* -, (Chapter 4 ) . I t can not be excluded 
t h a t the very e a r l y phase of seed development occurs w i t h the a id of r e s i d u a l 
amounts o f GA* 7. An e f f e c t on the l a t e r stages of seed development i n ga-1 i s 
most u n l i k e l y , because, the s t i m u l a t i o n of e l onga t i on g rowth by a GA* -, spray 
l a s t s on ly f o r one week. There fo re , i t was concluded t h a t GA i s not e s s e n t i a l 
f o r seed development i n tomato, w i t h a poss ib le except ion f o r i n i t i a l s tages. 
Endogenous GA has no i n f l u e n c e on t o t a l p r o t e i n conten t du r i ng seed deve lop-
ment . A l so no q u a n t i t a t i v e d i f f e r e n c e s a r e obse rved i n t h e most abundant 
p r o t e i n s . N e v e r t h e l e s s , seeds grow b e t t e r i n t h e p resence o f endogenous GA, 
seed ma tu ra t i on i s delayed by one week and f r e s h and dry we igh t are inc reased. 
The present r e s u l t s r a i s e se r i ous doubts about the severa l r o l e s t h a t were 
sugges ted f o r endogenous GA d u r i n g seed deve lopmen t (Karssen 1982a , Khan 
1982) . These s u g g e s t i o n s were a l l based on c o r r e l a t i o n s be tween t h e peak i n 
G A - l i k e a c t i v i t y , d e t e r m i n e d by b i o - a s s a y , and c e r t a i n e v e n t s d u r i n g seed 
development. A r o l e o f GA was doubted before i n s t u d i e s on i n h i b i t o r s o f GA-
b i o s y n t h e s i s ( Z e e v a a r t 1966) and i n s t u d i e s w i t h G A - d e f i c i e n t m u t a n t s o f 
Arab idops is t h a l i a n a (Barendse e t a l . 1986). 
ABA. Increases i n d r y - m a t t e r accumula t ion and s t i m u l a t i o n s o f s torage p r o t e i n 
syn thes is du r ing seed development have o f t e n been assoc ia ted w i t h ABA. These 
conc lus ions were main ly based on the e f f e c t o f a p p l i c a t i o n s o f ABA t o deve lop-
i n g seeds (Dewdney and McWha 1979, T i e t z e t a l . 1 9 8 1 , T r i p l e t t and Qua t rano 
1982, Ackerson 1984a, Schroeder 1984, Bray and Beachy 1985). Our exper iments 
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with the ABA-deficient tomato mutant show that despite strong reductions of 
ABA content in the developing seeds, neither fresh and dry weight, nor the 
composition and content of reserve proteins are affected (Chapter 5). Also 
suggestions about a role of ABA in the prevention of precocious germination 
were not confirmed. ABA-deficient seeds did not germinate precociously in any 
experiment (Chapter 5). Therefore, also a role of endogenous ABA on seed 
growth and development is seriously doubted. Simulations of the action of 
endogenous ABA by application of ABA to isolated seeds or seed parts provide 
no reliable information on its regulatory role in vivo. The large variation of 
suggested functions of ABA based on that type of studies were not confirmed by 
the present data. 
Dormancy induction 
The present experiments c lear ly prove that seed-produced-ABA plays a decisive 
r o l e i n the induc t ion of dormancy dur ing seed development (Chapter 5). The 
onset of dormancy depends par t i cu la r l y on the ABA f rac t ion produced in embryo 
and endosperm, the influence of maternal ABA is minor. The dual o r ig in of ABA 
was shown by reciprocal crosses of wi ld-type and s i t w mutant. The genotype of 
the mother plant regulates the ABA content present in the testa which shows a 
peak half-way seed development. The genotype of the embryo and endosperm i s 
responsible for a second ABA f rac t i on , present in these t issues. This second 
f r a c t i o n reaches i t s peak dur ing the second h a l f of seed development. The 
resul ts on dormancy induction are in good agreement wi th s im i la r studies on 
dormancy induction in seeds of Arabidopsis thal iana (Karssen et a l . 1983). 
Vivipary 
Non-dormant s i t w seeds did not germinate precociously wi th in the f r u i t but 
viviparous germination was observed when r ipe f r u i t s remained attached to the 
mother p l a n t . The absence of v i v i p a r y i n w i l d - t y p e seeds i s p r i m a r i l y a 
function of osmotic control by the seeds. The ABA level i n wi ld- type f r u i t s i s 
not i n h i b i t o r y to seeds of both genotypes. The osmotic p o t e n t i a l of f r u i t 
t issue of both w i ld type and s i t w i s -0.9 MPa (Chapter 5). Germination exper i-
ments wi th mature seeds showed that s i t w seeds do germinate in that potent ia l 
and w i l d - t y p e seeds do not (Chapter 6). Thus, the d i f f e r e n t l e v e l of ABA 
during seed development induces a d i f fe rent sens i t i v i t y to osmotic stress that 
i n turn causes vivipary in ABA-deficient seeds. A s im i la r corre lat ion between 
reduced ABA levels and viviparous germination was found in the flacce mutant 
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of tomato (Weyers 1985) and in 5 out of 6 viviparous maize mutants (Ne i l l et 
a l . 1986). 
Seed germination 
The present experiments wi th GA-deficient tomato seeds prove that seed germi-
nation in th i s species i s absolutely dependent on the presence of GA (Chapter 
2). Studies on Arabidopsis reached a s i m i l a r conc lus ion. Studies on tomato 
seeds also enabled an analysis of the locat ion of GA action in the d i f fe rent 
seed pa r t s . I t was shown tha t the major ac t i on of GA i s d i r ec ted to the 
weakening of the endosperm c e l l s around the r a d i c l e t i p which f a c i l i t a t e s 
p ro t r us i on of the r a d i c l e (Chapter 2). In g a - l seeds a s i m i l a r event i s 
dependent on exogenous GA* y. Simultaneous incubation of de-embryoneted endo-
sperms and isolated axes shows that wi ld-type embryos produce an endosperm-
weakening factor that is absent in ga-1 axes and thus probably i s a GA. 
GA-induced weakening of i so l a t ed ga-1 endosperms i s accompanied by the 
simulatenous i nduc t i on of endo-3-mannosidase a c t i v i t y , the increase of 
a-galactos idase and mannohydrolase and the release of mannose, g lucose, 
fructose and galactose in to the incubation medium (Chapter 3). Chemical hydro-
l y s i s of endosperm c e l l w a l l s reveals a composion of mainly mannose, and 
sma l le r q u a n t i t i e s o f galactose and glucose. I t i s concluded t ha t i n tomato 
seeds weakening of the endosperm i s mediated by GA-induced enzymatic degrada-
t ion of the mannan-rich c e l l wal ls . 
GAs are s t i m u l a t o r y , but not essen t i a l f o r r a d i c l e growth (Chapter 6). 
Removal of the layers opposi te the r a d i c l e t i p causes germinat ion of ga-1 
seeds in water (Chapter 2). Seedlings and plants that develop from the det ip-
ped ga-1 seeds e x h i b i t the extreme dwarfy phenotype tha t i s normal to t h i s 
genotype. 
Maintenance and r e l i e f of dormancy 
The endosperm resistance of freshly harvested wi ld-type seeds was not reduced 
during incubation in water and germination was blocked (Chapter 6). Seeds from 
s i t w did not show t h i s form of dormancy. I t i s concluded that endogenous ABA 
in ter feres in some way wi th the action of GA. 
The f i r s t form of dormancy was qu i ck l y r e l i e ved dur ing low temperature 
incubation or dry storage. After dry storage seeds of wi ld- type and s i t w s t i l l 
showed considerable d i f f e rence i n the res is tance to osmotic i n h i b i t i o n 
(Chapter 6). Determination of endogenous ABA levels i n mature seeds revealed 
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EMBRYO 
UPON GERMINATION: GA 
I 
DURING DEVELOPMENT: ABA 
| PRESSURE FORCE 
Fig. 1 . A model of the ac t i on of ABA and GA i n dormancy and germina-
t ion of tomato seeds. 
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that dormancy and inhibition of germination of ripe seeds does not depend on 
actual ABA levels but reflects an effect of ABA action during seed develop-
ment. 
Model 
The action of endogenous ABA and GA on dormancy and germination of tomato 
seeds is presented schematically in Fig. 1. The scheme visualises the separa-
tion in time and place of the action of the two hormones. ABA acts during seed 
development and induces an inhibition of the GA-induced endosperm weakening 
and a reduction of the growth potential of the embryo. The first effects 
diminishes rather soon during dry storage, but the latter effect of ABA is 
still visible after long periods of dry storage. 
The absence of GA during seed development does not afford a change in 
germination or dormancy of mature seeds. GA is only active during germination, 
it acts primarily on the hydrolysis of the galactomannan-rich cell walls in 
the endosperm which results in a weakening of the mechanical restraint of 
those cell layers. GA is produced in the embryo and excreted to the endosperm 
cells. The resistance of the testa, in contrast to the endosperm, is not 
changed. A second effect of GA is the stimulation of the growth potential of 
the embryo. 
The separation in time and place of ABA and GA action is a strong argument 
against the existance of a hormone balance for the regulation of seed 
dormancy. 
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Samenvatting 
Zaden hebben een essentiele functie in de reproductie van hogere planten en 
dienen vaak voor de verspreiding van de soort. Voor de mens zijn ze van belang 
als bron van voedsel of grondstoffen. Vandaar dat veel aandacht besteed wordt 
aan de verbetering van de kwaliteit van zaden door middel van veredelings-
onderzoek. Onderzoek aan de zaadontwikkeling en de zaadkieming kan een bij-
drage leveren aan de verbetering van zaadkwaliteit. Met name plantehormonen 
worden een belangrijke rol toegedacht in de regulatie van de zaadkwaliteit. 
Men vermoedt dat ze van invloed zijn op de opslag en mobilisatie van reserve-
stoffen en op de inductie en verbreking van kiemrust. 
Deze studie is gericht op de rol van gibberellinen (GAs) en van abscisine 
zuur (ABA) bij de ontwikkeling en kieming van zaden van tomaat. Het onderzoek 
is uitgevoerd met behulp van tomatemutanten die niet of maar zeer gedeeltelijk 
in staat zijn deze hormonen te produceren en daarom met de termen GA-deficient 
of ABA-deficient aangeduid worden. Deze mutanten zijn gelnduceerd in de ge-
netische achtergrond van de cultivar Moneymaker, welke in dit proefschrift met 
'wild-type' wordt aangeduid. De ontwikkeling en kieming van zaden van deze 
mutanten is vergeleken met die van wild-type zaden. Zijdelings is ook naar de 
bloem- en vruchtontwikkeling gekeken. 
Bloem ontwikkeling 
Gibberelline (GA) blijkt essentieel te zijn voor de ontwikkeling van fertiele 
bloemen. GA-deficiente planten vormen wel bloemknoppen, maar die ontwikkelen 
zich niet tot normale bloemen, met name de ontwikkeling van de bloemkroon en 
de meeldraden is duidelijk onderdrukt. Een enkele bespuiting met GAA J op 
nieuwe knoppen is genoeg om een normale ontwikkeling te verkrijgen (hoofdstuk 
2). Aan tomateplanten die deficient zijn voor ABA is de bloemontwikkeling 
normaal. De geringere stuifmeelproductie die in deze bloemen plaatsvindt, is 
waarschijnlijk een indirect gevolg van de zwakke conditie van deze planten. 
Door gebrek aan ABA kunnen deze planten namelijk hun huidmondjes niet sluiten, 
waardoor de planten voortdurend staan te verdampen en snel last krijgen van 
watertekort (hoofdstuk 5). 
Vrucht ontwikkeling 
Een enkele keer ontstaan er parthenocarpe vruchten (dit zijn vruchten zonder 
zaden) aan GA-deficiente planten, deze vruchten rijpen normaal. Hieruit kan 
geconcludeerd worden dat GA niet onmisbaar is voor de ontwikkeling en de 
rijping van de tomatevruchten. Productie van GA door de zaden heeft echter wel 
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r i j p i n g van de tomatevruchten. Productie van GA door de zaden heeft echter wel 
een stimulerend ef fect op de groei van de vruchten en het vertraagt het moment 
van v rucht r i jp ing met een week (hoofdstuk 4). 
Zaadontwikkeling 
GA. De ontwikkeling van GA-producerende en GA-deficlente zaden i s vergeleken 
door bloemen van GA-deficiente planten te bestuiven met respect ievel i jk w i l d -
type of eigen s t u i f m e e l . De experimenten hebben aangetoond dat ook voor de 
on tw i kke l i ng van zaden GA-productie n i e t noodzake l i j k i s . Een u i t zonder ing 
daarop i s mogel i j k de a l l e r e e r s t e fase van de o n t w i k k e l i n g , want een na-
gebleven e f f e c t van de GA-bespuit ing d ie nodlg i s om de f e r t i l i t e i t van de 
bloemen te h e r s t e l l e n , kan n i e t geheel u i t g e s l o t e n worden. Het i s echter 
onwaarschi jn l i jk dat die bespuitingen ef fect hebben op de latere onwikkelings-
stadia, aangezien het ef fect van een GA-bespuiting op de strekkingsgroei n iet 
langer dan een week duur t . A l i s GA-productie voor de zaadontwikke l ing n i e t 
essentieel, het heeft wel degel i jk invloed: de zaadontwikkeling duurt een week 
langer en de u i t e i nde l i j k vers- en drooggewichten van de zaden worden hoger. 
De produc t ie van r e s e r v e - e i w i t t e n i n het zaad wordt n i e t belnv loed door GA 
(hoofdstuk 4) . 
ABA. In de l i t e ra tuu r worden de toename van het drooggewicht en de s t imu la t ie 
van de synthese van r e s e r v e - e i w i t gedurende de zaadontwikkel ing vaak ge-
associeerd met een s t i j g i n g van het ABA-gehalte. Die associaties z i j n voor een 
groot deel gebaseerd op experimenten waarbij ABA werd toegediend aan geiso-
leerde zaden of zaadonderdelen. Met behulp van de mutanten kon i n onze ex-
perimenten gekeken worden naar de r o l van het endogene ABA i n een i n t a c t e 
s i t ua t i e . Daarbij bleek dat noch de vers- en drooggewichten, noch de samen-
s t e l l i n g en de hoeveelheid r e s e r v e - e i w i t t e n belnv loed worden door de ABA-
de f i c ien t ie (hoofdstuk 5). Ook de suggestie dat ABA een ro l zou spelen in het 
verhinderen van de vroegt i jd ige kieming van onr i jpe zaden werd n iet bevestigd. 
ABA-def ic iente zaden kiemen namel i j k n i e t i n de vrucht voor ze r i j p z i j n 
(hoofdstuk 5). Het i s daarom zeer de vraag of ABA wel een r o l spee l t b i j de 
groei en ontwikkeling van zaden. De experimenten waarbij ABA wordt toegevoegd 
aan ge iso leerde zaden of zaadonderdelen, leveren zeer w a a r s c h i j n l i j k geen 
betrouwbare informat ie over een ro l van endogeen ABA in vivo. 
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Inductie van kiemrust 
De i n d i t p r o e f s c h r i f t gepresenteerde experimenten laten du ide l i j k zien dat 
ABA gedurende de zaadontwikke l ing wel een r o l spee l t b i j de i n d u c t i e van 
k iemrust . Met name de ABA- f rac t ie i n het embryo en endosperm i s h ie r ve r -
an twoorde l i j k voor, de inv loed van maternaal ABA i s van een ger ingere be-
teken is . De aanwezigheid van deze twee bronnen i n de zaden van tomaten i s 
aangetoond met behulp van reciproke kruisingen tussen wi ld-type en de ABA-
-def ic iente mutant. Het genotype van de moederplant bepaalt het ABA-gehalte in 
de integumenten welke z ich ontwikke len t o t zaadhuid. Een tweede f r a c t i e i s 
aanwezig in embryo en endosperm en wordt door die weefsels ze l f geproduceerd 
(hoofdstuk 5). 
Vivipary 
Onr i j pe , ABA-def ic iente zaden kiemen n i e t i n de v ruch t voor ze r i j p z i j n . 
Ind ien de r i j p e mutant-vruchten echter enkele weken aan de p lan t b l i j v e n 
hangen, t reed t er v i v i p a r y op: de r i j p e zaden kiemen i n de vrucht (F ig . 6, 
hoofdstuk 5). Deze v i v i p a r y t reed t n i e t op b i j w i l d - t y p e zaden. Het ABA-
gehalte van het embryo en endosperm t i jdens de ontwikkeling i s hier hoogst-
waarschi jn l i jk verantwoordeli jk voor (hoofdstuk 5). 
Kieming 
Een tomatezaad i s opgebouwd u i t een gebogen liggend embryo omgeven door endo-
spermweefsel en een zaadhuid. Om te kiemen za l het k i e m w o r t e l t j e door deze 
weefsels heen moeten breken. De experimenten hebben ondubbelzinnig aangetoond 
dat de kieming van tomatezaden afhankel i jk i s van GA-synthese. GA induceert 
vooral een verzwakking van het endosperm tegenover het kiemwortelpuntje. Met 
behulp van gezamelijke incubatie van losse endospermen en embryonale assen van 
het wi ld- type of van de GA-deficiente mutant, i s aangetoond dat de wi ld- type 
embryos een faktor produceren die de verzwakking van zowel w i l d - t y p e endo-
spermen als van GA-deficiente endospermen induceert. Deze faktor wordt n iet 
door GA-def ic ien te embryonale assen geproduceerd. Het i s daarom zeer waar-
s c h i j n l i j k dat deze faktor een GA i s (hoofdstuk 2). 
De door GA gelnduceerde verzwakking van geisoleerde endospermen gaat ge-
paard met een g e l i j k t i j d i g e induct ie van het celwand afbrekende enzym endo-B-
mannosidase, t e r w i j l de a c t i v i t e i t van twee andere celwand afbrekende enzymen, 
a-galactosidase en mannohydrolase onder invloed van GA toeneemt. Ook g e l i j k -
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t i j d i g met de endospermverzwakking komen b i j de i ncuba t i e van ge'isoleerde 
endospermen i n een GA-oplossing de su ikers mannose, g lucose, f ruc tose en 
galactose v r i j . Met behulp van chemische hydrolyse i s aangetoond dat de c e l -
wanden van de endospermcellen b i j tomaat voor een groot deel u i t mannose 
bestaan en u i t geringere hoeveelheden galactose en glucose. Op grond van deze 
i n f o r m a t i e werd de conc lus ie getrokken dat de endospermverzwakking ver -
oorzaakt wordt door een GA-geinduceerde enzymatische afbraak van g a l a c t o -
gluco-mannaan ketens in de celwanden (hoofdstuk 3). 
Wanneer de endosperm- en testalagen tegenover het kiemwortelpuntje worden 
weggesneden, kunnen GA-deficiente zaden ook kiemen, u i t e i nde l i j k kan dan zel fs 
een vol ledige dwergplant ontstaan (Fig 1 , hoofdstuk 1). De groeisnelheid van 
het kiemwortelt je i s echter wel beperkt. Bl i jkbaar i s GA n ie t essentieel voor 
de groei van het k iemwortel t je, maar werkt het wel stimulerend (hoofdstuk 6). 
Kiemrust 
Zoals eerder genoemd, b e z i t t e n w i l d - t y p e zaden k iemrus t , ze kiemen s lech t 
d i r e c t na de oogst. In hoofdstuk 6 i s aangetoond dat i n deze zaden de nood-
zakel i jke verzwakking van het endosperm geblokkeerd i s . ABA-deficiente zaden 
bez i t t en deze vorm van k iemrust n i e t . Dus op de een of andere manier b e i n -
v loedt het endogene ABA de GA-werking. Na een paar maanden droge bewaring 
verdwi jnt deze vorm van kiemrust in de wi ld-type zaden. Ze kiemen dan vol ledig 
in water. Toch b l i j f t er een verschi l met ABA-deficiente zaden: de wi ld- type 
zaden z i j n veel gevoel iger voor remming van de kieming met behulp van een 
osmoticum. De bepal ing van de ABA-gehaltes i n r i j p e en geincubeerde zaden 
toonde aan dat de kiemrust n ie t veroorzaakt wordt door verschi l len i n actuele 
ABA gehaltes, maar veel eerder een ef fect i s van de werking van ABA t i jdens de 
zaadontwikkeling (hoofdstuk 6). 
Model 
Op basis van de gevonden resultaten kan een model gepostuleerd worden over de 
werking van endogeen ABA en GA met be t rekk ing t o t k iemrust en kieming van 
tomatezaden. Een schema van d i t model i s weergegeven in f iguur 1 van hoofdstuk 
7, het toont een scheid ing i n t i j d en p laa ts van de werking van beide hor-
monen. ABA oefent haar werking u i t t i j d e n s de zaadontw ikke l ing , het ve r -
oorzaakt dan een remming van de la ter door GA-geinduceerde endospermverzwak-
king en het veroorzaakt een reductie van de groeikracht van het embryo in een 
osmoticum. Het eerste ef fect verdwijnt v r i j snel gedurende droge bewaring van 
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de zaden, het tweede e f f e c t i s nog steeds z ich tbaar na bewaring gedurende 
langere t i j d . 
De afwezigheid van GA t i j d e n s de zaadontwikke l ing heef t op z ich we in ig 
invloed op het kiemgedrag van r i j p e zaden. Het" is alleen ac t ie f gedurende de 
k ieming. Door het embryo geproduceerd GA induceer t dan de hydrolyse van de 
mannaanketens in de endospermcelwanden tegenover het k iemwor te lpun t je . Die 
hydrolyse r e s u l t e e r t i n een verzwakking van deze lagen, waardoor het k iem-
wor te l t je er door heen kan breken. Daarnaast s t imuleer t GA ook de groeikracht 
van het embryo. 
De scheid ing i n t i j d en p laa ts van de ABA- en GA-werking i s een k r a c h t i g 
argument tegen de regulat ie van zaadkieming door een hormoonbalans. 
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